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1 Abstract
English Version

Secondary metabolites, such as antibiotics, antioxidants, or other bioactive substances are mainly
produced by microorganisms. Genes involved in the production of secondary metabolites in
microorganisms are often found clustering together as Biosynthetic gene clusters (BGC), containing
the genes for the synthesis of a specific secondary metabolite. To investigate potential BGCs the
metagenome of the rhizosphere associated with Dactylorhiza traunsteineri was sequenced,
assembled, binned and genes were preliminary predicted.

The first aim of my work is to analyze the annotated BGCs containing genes that could be involved in
the biosynthesis of unknown bioactive metabolites. Secondly, metagenomic analyses will be
performed to predict the potential of the whole population as well as interactions. A third target
includes the phylogenetic prediction of the involved organisms for a better understanding of the
metagenome. | will use several bioinformatic tools to achieve the aims of this project. Based on the
success of my work, future colleagues can express the selected BGCs in model organisms and
bioactive secondary metabolites can be investigated.

German Version

Sekundarmetabolite, wie Antibiotika, Antioxidantien oder andere bioaktive Substanzen werden
hauptsachlich von Mikroorganismen produziert. Gene, die in deren Produktion involviert sind,
werden oft in Biosynthetischen Genclustern (BGC) organisiert vorgefunden. Die Gene eines BGC
dienen der Synthese spezifischer Sekundarmetabolite. Um bisher unbekannte BGCs zu entdecken,
wurde das Metagenom der Rhizosphere, assoziiert mit Dactylorhiza traunsteineri, sequenziert,
assembliert, gebinnt und die Gene prognostiziert.

Das erste Ziel meiner Arbeit ist die Analyse und Selektion annotierter BGCs, die unbekannte Gene
beinhalten und moéglicherweise in die Synthese von bioaktiven Substanzen involviert sind. Als zweites
werde ich eine Metagenomanalyse durchfiihren, um das Potential der Gesamtpopulation und
mogliche Interaktionen abschatzen zu kénnen. Das dritte Ziel ist die phylogenetische Analyse der
untersuchten Organismen zum besseren Verstandnis des Metagenoms.
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2 Introduction

2.1 Dactylorhiza traunsteineri

The orchidaceae D. traunsteineri (Figure 1) [1] is mainly found in the eastern hemisphere, including
marshlands and alpine regions. D. traunsteineri is an allotetraploid descendent of the diploid
parental strains D. fuchsia and D. incarnata. This means that D. traunsteineri is a hybrid and consists
of chromosomes from both parental organisms. [2] Although hybrids are known to be more resistant
to environmental changes, due to their larger genomic potential, [3] D. traunsteineri is classified as
“endangered” by several organizations in central Europe. [4] [5] [6]

Figure 1. The orchidaceae Dactylorhiza traunsteineri, [1]

Despite the uncertainty of seasonal effects on rhizobiomes, microbial diversity, and functionality,
[7] the impact of climate change on plants including more extreme weather events has been
shown. [8] Besides the direct influence on the plants also the environments, i.e. microorganisms in
the soil surrounding the plants’ roots (rhizobiome), suffer from temperature changes or longer
drought or flood periods. [9]
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2.2 Rhizosphere

The rhizosphere is known as the space between roots and soil, where microorganisms and plants
form a symbiotic relationship (Figure 2). Both, the microorganisms and the plant are dependent on
each other and the metabolic exchange. Furthermore, it is known that microbes interact with other
microbes within a community in both, symbiotic and pathogenic way. [10] Therefore, a disturbance
in the rhizobiome, caused by repeating drought and flooding events due to climate change, could
lead to the endangerment of D. traunsteineri. [9]

Bacteria

\ Fungal hyphae bring
nutrients to roots

Plant exudates
exit roofs

Microbial metabolites
enlter rools

Figure 2. A general overview of the complexity and interaction space between a plant and its rhizobiome, consisting of a
diverse group of microorganisms. The symbiosis between plant and rhizobiome is essential for both due to nutrient
exchange and protection from potential pathogens. [10]
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2.3 Secondary Metabolites

Secondary metabolites (SM) cover a huge and diverse group of compounds, which only have in
common that they are not necessary for life-sustaining functions and can therefore be distinguished
from the primary metabolism. However, primary metabolites are often used as substrates for the
biosynthesis of SM. [11] In contrast to the majority of primary metabolites, SM are often produced
under specific circumstances. Therefore, they cover a wide variety of functions, including
antimicrobial, pigmenting, antioxidant, or antitumoral, just to name a few examples. [12] Besides
their diversity regarding chemistry and biological activity, SM are distributed over all kingdoms,
whereby the most SM were detected in plants, fungi, and bacteria [13] Additionally, recent studies
investigated, that SM influence host-microbiome interactions, and that these interactions are not
limited to exchange of nutrients and primary metabolites. [14] Therefore, more research in this field
is needed not just to discover novel bioactive compounds or antibiotics, but also to understand host-
microbiome interactions.

2.4 Metagenome and Metagenomics

The complete DNA of a microbial community taken from a certain place or host can be summarized
as a metagenome. Until the end of the last century, it was only possible to investigate
microorganisms, which could be cultivated. [15] Since the introduction of affordable DNA sequencing
methods, it was possible to detect marker genes, i.e. 165- or 23S-rRNA genes, of uncultivated
microorganisms and to expand the tree of life. In contrast to the sequencing of a single cell or
organism (genomics), metagenomics is the study of the complete genomic information of a
metagenome. [16]

2.4.1 Cultivation-dependent Metagenomics

Culture dependent metagenomics was performed before the introduction of next-generation
sequencing technologies. Microorganisms were cultivated under laboratory conditions for
investigation under microscopes or to detect the behaviour under changed conditions, i.e. to drugs.
[120] Studies after the invention of next-generation sequencing technologies could show, that up to
98% of all microorganisms cannot be cultured under laboratory conditions, due to surrounding
factors such as, aerobic/anaerobic conditions, pH ranges, nutrient concentrations, for example. [17]
A prominent example for unculturable microorganisms is the group of extremophiles, which are
present in all domains of life and populate environments only under certain conditions, for example
highly acidic surroundings. [18]

2.4.2 Targeted Metagenomics

To investigate the species diversity efficiently, marker genes, such as 16S-, 185- or 23S-rDNA genes
can be amplified using Polymerase Chain Reaction (PCR), extracted, and sequenced. By this
technique the presence (or absence) of certain microorganisms can be detected and, therefore, the
composition of the microbiome can be described. Furthermore, it is possible to quantify species
within the sample based on the assumption that the selected marker genes are only present once in
the genome. [19] A potential problem of targeted sequencing is the generation of chimeras, which
are hybrid sequences of at least two parent strands. These hybrids can lead to the incorrect
assumption that novel organisms are detected. [20] Therefore, several software tools have been
developed to detect and remove chimeric reads from a sample, including ChimericSeq [21] or
DADA2. [22]

10
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2.4.3 Shotgun Metagenomics

In contrast to targeted metagenomics, shotgun metagenomics is used to investigate the functional
properties of a microbiome. Hence, the complete amount of DNA is extracted from a sample and
sequenced. In contrast to targeted sequencing approaches, the sequenced reads must be assembled
to contigs and separated by organism using next-generation sequencing platforms and bioinformatic
pipelines. Based on shotgun experiments, genomes representations of unculturable organisms can
be obtained and analyzed. In consequence, novel proteins, pathways or BGCs can be observed and,
in turn, used as a basis for further research, i.e. heterologous expression. [23]

2.5 Biosynthetic Gene Clusters

Biosynthetic gene clusters (BGC) are widely distributed over bacteria, fungi, or plants, containing
specialized enzymes for the biosynthesis of bioactive SM. [24] These small compounds cover a
variety of functions, including antibacterial, antifungal, antiviral, anti-inflammatory, anticancer, or
antioxidant, for example. [25] [26] In a recent study Newman and colleagues investigated that
between 1981 and 2014 over 70% of drugs to treat infectious diseases are based on natural
products. [27] The enzymes for biosynthesis are often located within a cluster to ensure the
concerted expression once the corresponding product is needed. BGCs can be divided into different
groups, including non-ribosomal peptide synthetases (NRPS), polyketide synthases (PKS), terpenes,
phosphonates, ribosomally synthesized and post-translationally modified peptides (RiPP), or
bacteriocins, for instance. The manually curated MIBiG (Minimal Information about Biosynthetic
Gene cluster) database contains a total of 1923 BGCs, from which 465 are annotated as complete
and 1434 contain at least the minimal information, needed for a BGC, according to MIBiG. [28] [29]
The minimal information consists of cluster and compound information, gene information and
module information (in case of NRPS and PKS BGCs). [30] During the past decades, especially NRPS
and PKS containing BGCs were discovered as a promising source for antimicrobial substances. [25]
[31] [32] Both, NRPS and PKS, consist of a various number of consecutive modules which synthesize
the final products by the stepwise addition of subunits. Hence, the enzymes can be classified in a
starting module, several elongation modules, and a termination module. [33]

11
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In Figure 3. the function of a NRPS is displayed, starting from the corresponding gene, which is
expressed to the enzyme, containing three modules, whereby only one elongation module is shown.
The biosynthesis is initiated by an adenylation domain (A), which releases pyrophosphate from ATP
and binds an amino acid or derivate to the obtained AMP. The substrate is then transferred to the
PCP-domain (Peptidyl-Carrier-Domain) by the formation of a thioester bond. A second substrate,
incorporated at the neighbouring PCP-domain and also recruited by an adenylation domain, binds to
the first by the release of the thioester bonding and, in turn, formation of a peptide bond, catalysed
by the condensation domain (C) in between. In the final step, a thioesterase domain binds the
precursor through a hydroxy group and releases the molecule after an intramolecular nucleophilic
attack. [34] Besides the obligate core modules (A, PCP, C), further modification modules are known,
including domains for epimerization, heterocyclization, or methylation. [35] Besides the 21
proteinogenic amino acids, which can be used as substrates, over 500 derivates can also be used as
monomeric substrates for non-ribosomal peptide synthesis. [36]

o (Module 1 X Module 2 X Module3 ) @ o

. ATP Initiation Elongation Termination

@)@ (P> e J @ 7P CP- Domain

- TE- Domain

1 PY
Figure 3. A simplified picture of the general working mechanism of a non-ribosomal peptide synthetase: an amino acid

(derivate) is loaded by ATP conversion to AMP. Several elongation modules are necessary to add further substrates. In the
final, ring-closing step, the product is released from the thioesterase domain. [34]

12
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In contrast to the wide range of substrates, NRPS can use, PKS only can load certain carbonyl-
containing substrates and elongate the polyketide chain through several modules. [37]

In general, PKS starts with an acyltransferase (AT), followed by an acyl-carrier-protein (ACP). After
the starting module, several elongation modules, containing an obligate ketosynthase (KS), AT, and
ACP domain, are followed by the terminal reductase domain (TD). The release occurs through
intramolecular nucleophilic attacks and ring formations, consequently. Besides the core modules,
further modification modules can be observed, including dehydratases (DH), ketoreductases (KR) or
enoyl reductases (ER). [38] Based on the modules, PKS can be divided into three types, |, I, and Ill.
Type-I PKS consists of noniterative modules, which means that the elongation modules are
differently composed, in contrast to type-ll and -lll enzymes, which comprise the same modules
iteratively. The difference between type-Il and type-Ill PKS is the ACP-independency of type-IlI-PKS.
[39]

By combining modules from PKS and NRPS completely novel products can be obtained. In general,
two types of hybrid NRPS-PKS products can be distinguished: ones that are generated by a single
enzyme by consecutive modules and others, which are synthesized and released by either a PKS or
NRPS and are further processed by the other enzyme. Although the underlying chemistry is
completely different in these two systems, several bioactive compounds, synthesized by hybrid
NRPS-PKS enzymes,[40] could be observed in recent studies, including bleomycin, [41] rapamycin
[42] or leinamycin, [43] for instance. Based on the linker hypothesis of modules, it would be possible
to interchange PK and NRP modules naturally, which would explain the wide distribution of hybrid
NRPS-PKS gene clusters [44]

RiPPs are peptides, which means that after translation certain amino acids are further modified to
influence the characteristics of the protein. In prokaryotes, post-translational modifications (PTMs)
are relatively rare compared to PTMs in eukaryotes. Therefore, the types and roles of these proteins
are of high interest. [45] An important and well-studied subgroup of RiPPs are lantipeptides, which
contain specific PTMs and are known for their microzide activity, especially against biofilm formation.
They have been observed only in bacteria so far, [46] [47] and were detected in several genera of
Firmicutes, Actinobacteria, Proteobacteria, Bacteriodetes, and Cyanobacteria [48] [49] [50] The
specific property all lantipeptides share are post-translationally synthesized sulfide bridges or
disulfide bridges. To introduce a sulfide bond, a dehydration step of a hydroxy-group containing,
aliphatic amino acid (serine or threonine) is necessary. The resulted 2,3-didehydroalanine (Dha) or
(2)-2,3-didehydrobutyrine (Dhb), respectively, are attacked by the sulfide group of a cysteine residue
at the R-carbon, followed by a protonation step to produce (methyl)lantionine or another
conjugation step between dehydroxilized residues, which in turn results in labionin structures. In
addition, disulfide bonds between two cysteine residues can be formed. [51]

13
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Lantipeptides can be categorized into four groups based on the biosynthetic pathway. The classes
differ due to the number of necessary core enzymes and the biosynthetic pathway. Only class 1
lantipeptides are synthesized by two independent enzymes, LanB and LanC (Figure 4.) [49]

Class1 | Dehydratase

[ Cyclase ] Zn-ligands LanC

Class Il [ Dehydratase H Cyclase "_] LanM

ClassIll [ Lyase |{ Kinase |{ Putativecyclase | LanKC

ClassIV [ Lyase |{ Kinase |{ Cyclase | || | LanL

Figure 4. Overview of the four classes of lantipeptide synthesizing enzyme complexes. Only class | consists of more than one
enzyme, for the post-translational modifications of the lantipeptides. [49]

Besides the PTMs, all lantipeptides consist of a leader sequence, a core sequence, which is modified,
and a follower peptide in some cases. The leader and follower peptides are removed after post-
translational modification, most often during the export-process by bifunctional
transporter/protease proteins [52] or by separate protease and transporter enzymes.[51]

In addition to characterized bacteriocins, such as maritimacin, and RiPPs, certain BGCs contain
uncharacterized core peptides, which are annotated only by the DUF692-domain. DUF-domains
(Domain of Unknown Function) are peptides that are common in several proteins but have not been
characterized so far. Recent studies characterized members of the DUF692-protein family as
potential xylose isomerase [53] or to play a role in hypochlorite detoxification. [54] Besides these
findings, van der Donk, et.al., investigated that DUF692-containing proteins could be involved in 3-
thiaglutamate synthesis. (Figure 5.) Based on a phylogenetic annotation and clustering of sequences
with >40% sequence identity, it was possible to characterize DUF692-proteins as PmaH-related.
Therefore, DUF692 proteins could be necessary for the RB-carbon excision from the cysteine residue.
This rare reaction is followed by two further steps resulting in 3-thiaglutamate. The resulted 3-
thiaglutamate was already described as phytotoxin due to its ability to interrupt jasmonate and
ethylene signaling pathways. [55]

14
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Figure 5. Suggested biosynthesis of 3-thiaglutamate by van der Donk, et.al. The enzyme PmaH, involved in the carbon
excision step, is thought to contain the DUF692-domain. [55]

Terpenes cover a disparate class of compounds, which are synthesized by the addition of several
isoprenoid monomers. The final products are involved in antioxidative reactions or membrane
stabilization such as steroids, for instance. Besides the structural variety, they can be modified, i.e. by
dehydration, glycosylation, or methylation reactions. [56]

Although the concept of BGCs to produce SM is commonly accepted in the scientific community, a
new study suggests that genes, involved in SM-biosynthesis, could also be spread over the genome,
but regulated by the same transcription factor. This would increase the SM potential extremely and
new strategies, such as weighted coexpression networks, would be needed to investigate differential
coexpression. [57]
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2.6 Next Generation Sequencing

2.6.1 Sampling and DNA Extraction

The most important step in a sequencing experiment is the first, including sampling and nucleotide
extraction. Therefore, several companies developed extraction kits, specific for nucleotide type
(DNA, RNA), or the regarding sample source. [58] Based on a shotgun metagenomics approach, it is
necessary to include a size selection step after fragmentation of the isolated DNA to obtain only DNA
sequences with a certain length. This can be performed after [59] or before adaptor ligation. The size
selection is performed using magnetic beads of different sizes. Dependent on the desired DNA
length, a size exclusion step above or below the certain size is performed first and discarded,
followed by a purification step, covering the remaining DNA fragments. The principle is based on the
ability of magnetic beads to be covered by DNA sequences of different lengths, dependent on their
concentration. Regarding the SPRIselect system, shorter fragments can be bound with an increasing
volume ratio of the beads, whereas longer sequences bind more likely at lower concentrations. [58]

2.6.2 Library Preparation

Before adaptor ligation, the amount of DNA could be increased by amplification using a PCR,
especially, when a targeted metagenomic experiment is performed. Adaptor ligation is performed to
add terminal DNA fragments on both ends if the sequencing is performed on Illumina platforms. [59]

2.6.3 Sequencing Techniques

For lllumina sequencing platforms, the fragments are hybridized to complementary nucleotide
sequences, which are immobilized on a flowcell mediated by the adaptor sequences. The
immobilized fragments are amplified through an automated PCR reaction, called bridge building. [59]
After bridge amplification is finished, amplified strands bound to one type of adaptor are cut and
washed away (for single-end sequencing) and the remaining strand is sequenced by synthesis. In the
case of paired-end sequencing, both strands remain hybridized. Sequencing by synthesis means that
differentially labelled nucleotides flow over the microarray and are incorporated on the immobilized
strand through a PCR reaction by a DNA-polymerase. If a nucleotide is incorporated, the probe is
activated through a laser beam and the colour can be detected (Figure 6. [60] ). Paired-end read
sequencing means that the reads are sequenced from both ends, whereas single-end reading is
performed just from one end of the immobilized fragments. Therefore, paired-end read sequencing
advances the quality of the sequencing and facilitates the bioinformatic assembly and alignment
steps afterward as well as resolving repetitive sequences. [61]
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Figure 6. General overview of the sequencing reaction based on an Illlumina MiSeq platform. Labeled nucleotides are added
through a PCR reaction to the immobilized strand. The nucleotide-specific signal is detected by a laser. [60]

2.6.4 Sequencing of Metagenomes

In contrast to single genome sequencing, DNA is extracted from a sample without prior cell isolation
using a metagenomic approach. Consequently, DNA fragments of different cells are mixed and
sequenced to obtain metagenome assembled genomes (MAGs) after assembly and binning. This
approach does not require prior amplification, which, in turn, leads to low coverage within the reads
and therefore, sequencing errors cannot be excluded easily. [62] Recently, it has been investigated
that the quality of single genomic approaches and MAG generation does not influence the quality of
the genetic functionality of the resulted genomes, which means that metagenomic approaches can
be used more efficiently to identify novel organisms. Consequently, MAGs can be used for
phylogenetic analyses or investigation of novel enzymes, secondary metabolites or metabolic
pathways, for example. [63]
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2.7 Metagenome Assembled Genomes (MAGs)

2.7.1 Preprocessing

A metagenome assembled genome (MAG) is defined as a draft genome, resulted from shotgun
metagenomics data, followed by computational assembly and binning of the reads. [119] Before the
sequenced reads can be used for assembly steps to generate contigs, it is necessary to remove added
adaptor sequences at the end of the reads. The software Trimmomatic uses the provided adapted
sequences for Illumina sequencing platforms to remove them. Sequence trimming is performed by
matching each adaptor sequence to the reads and clip the corresponding sequences off, as far as a
sufficient similarity is obtained. Further, Trimmomatic performs a quality trimming of the raw reads.
Quality trimming is performed to remove low quality parts of the sequenced reads and,
consequently, to increase the quality of the remaining reads. [64]

2.7.2 Assembly

SPAdes is a widely used assembly algorithm, which can be used also for low coverage reads. From the
sequenced reads a set of k-mers is generated, which are basic building blocks of different lengths. At
the first step, read error correction is performed to discard potential sequencing errors. Therefore, k-
mer frequencies are used to resolve bases, which occur seldomly, although low coverage regions
cannot be corrected in this way, because all k-mers are present in low amounts and it cannot be
distinguished, which bases are erroneous.

After error correction, a de-Bruijn graph is generated, where (k-1) mers represent the nodes and k-
mers are edges to connect two nodes, respectively. All equal nodes are merged together to simplify
the de-Bruijn graph. A string that consists of all k-mers is called a Eulerian path and would be the final
result of the assembly. However, due to not detected sequencing errors and repeating regions in the
genome, it is not possible to find “the correct” Eulerian path. Consequently, the graph must be
simplified before the correct path can be found. Potential occurring errors include tips, bulges, and
chimeras. A tip occurs, when two paths of the de-Bruijn graph fuse in one node and continue from
there on as one string. Tips are most often generated by sequencing errors at the terminal side of
reads. To remove the tips, SPAdes uses an algorithm for tip clipping in combination with gap closing.
When an error is observed in the middle of the reads, a bulge is generated, where two parallel paths
develop at one node and merge together again at another node. To overcome this problem, SPAdes
uses a bulge removal approach. Finally, a chimeric read consists of two parts of completely different
reads and, hence, connects two originally independent paths. This problem is solved by a novel
algorithm to discard chimeric reads.

A de-Bruijn graph, including error correction and simplification, is performed iteratively for different
k-mer sizes. Using different k-mer sizes implements the advantages of short and long k-mers. Short k-
mers lead to more tangled graphs, but resolve errors in low coverage regions, whereas longer k-mers
result in more fragmented graphs and are used for repeating and high coverage regions. Repeating
regions in genomes are relatively simple to detect, whereas, in terms of nodes, it is difficult to
resolve how often a certain repeat occurs originally in the genome. Therefore, a paired de-Bruijn is
constructed, based on the paired end reads, which replaces the single (k-1) mers by two (k-1) mers
(k-bimers) which are separated by a certain distance. Based on this approach, the paired de Bruijn
graph is simplified compared to the original de Bruijn graph. A problem using paired de-Bruijn graphs
is that the exact distance between the (k-1) mers of a node is not known. Therefore, the gaps can be
close by pairing the reads, from which the (k-1) mer pairs originate. In SPAdes the gap closing step is
performed before removing tips or other errors to avoid that wrong tips are clipped only based on
coverage.
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To address the problem resulted from the unknown distance between the k-bimers of a node,
rectangle graphs are introduced, whereby every rectangle is represented by a pair of edges based on
an estimated distance in the de-Bruijn graph. By consideration of the insert size, it is possible to
investigate the correct path through all rectangles and, hence, assembly the final contig. [65]

The general workflow of the read assembly, using the software MEGAHIT, starts by counting all
(kmin+1)-mers, resulting in solid and mercy edges, whereby mercy edges are defined as all (k+1)-mers
between two solid (k+1)-mers from one read — one without an indegree and one without an
outdegree. Mercy edges must be maintained to avoid discarding correct k-mers in low coverage
regions, which is especially important in low-depth sequencing of metagenomes. Solid edges are
characterized as k-mers which occur 2 times by default. MEGAHIT builds succinct de Bruijn graphs for
each k-mer, starting from the smallest to exclude erroneous edges and to fill gaps in low-depth
regions up to large k-mers which are necessary for repetitive regions in genomes. After each
iteration, bubbles are merged and incorrect edges, as well as edges with low coverage are removed
to generate contigs as output. The major advantage of MEGAHIT is its parallel use of CPU (central
processing unit) and GPU (graphics processing unit), in contrast to other assembly programs which
only use CPUs, which makes MEGAHIT 3-5 fold faster. [66]

2.7.3 Binning

The obtained contigs are separated into kingdoms to remove eukaryotic or host-derived
contamination based on their sequence homology. Furthermore, contigs can be assigned to bacterial
or archaeal origin. After gene prediction using Prodigal all genes are queried against the non-
redundant NCBI database by the accelerated blast implementation Diamond. For each protein, a
taxonomy is assigned including the top 10% hits by the majority. The taxonomic classification of the
contigs is accepted if a majority of the proteins within the contig can be assigned to a phylogenetic
unit, starting from species-level up to phylum. (Figure 7.) Due to horizontal gene transfer over
kingdoms, eukaryotic contigs could be characterized as prokaryotic, erroneously. To avoid the
incorrectness, differences in coding density can be used to distinguish between eukaryotic (low
coding density) and procaryotic (high coding density), whereby it must be considered that incorrect
thresholds would remove low-density coding procaryotic genomes. The binning procedure is
performed to obtain MAGs. [67]
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Figure 7. General workflow of the binning software Autometa: the contigs are classified by kingdom and binned through
iterative DBSCAN clustering algorithm after the dimension reduction step. The classification is based on composition,
coverage, and homology. In contrast to other binning algorithms, Autometa forces not all contigs into bins, which makes
the classification more reliable, but results in unclustered contigs as well. [67]
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In recent studies, it has been observed that k-mer frequencies show differences between prokaryotic
species. [68] [69] Therefore, Autometa performs a principal component analysis (PCA) to obtain a
maximum of 50 dimensions based on 5-mer frequencies in contigs after normalization. The
dimension reduction is performed using the Barnes-Hut Stochastic Neighbour Embedding (BH-tSNE),
followed by the DBSCAN (Density-Based Spatial Clustering of Applications with Noise) algorithm for
clustering contigs. The DBSCAN algorithm divides data points into core objects (red), directly
reachable points within a distance eps from the core points (blue), and not-reachable points (grey).
(Figure 8.) [70] ) In contrast to alternative clustering methods, such as K-means, it is not necessary to
cluster all present points. In addition to the BH-tSNE reduced dimensions, the coverage of the contigs
is used as input. The eps parameter defines the radius around each point, starting at 0.3, and is
increased by 0.1 iteratively until a final cluster is obtained. The generated clusters are then evaluated
and kept according to completeness (>20%) and purity (>90%). The remaining contigs are then used
as inputs for another DBSCAN iteration until all contigs are classified or are grouped as unclustered
contigs. [72]

minpts=5
search radius

@

Cluster 1 Cluster 2

Figure 8. Graphic presentation of the DBSCAN algorithm. Based on core points (contigs) in red, clusters are defined by
increasing the eps value after each iteration until no more points can be added. Therefore, some contigs (grey) cannot be
assigned to bins and are grouped as unclustered. [70]

To overcome the problem with unclustered contigs by Autometa, a second binning step is needed.
MetaBAT2 is based on a more sensitive clustering algorithm. It computes normalized 4-mer
frequency (TNF) scores. The TNF scores are normalized by quantiles using the abundance score to
obtain a composite score S:

S = sqrt(TNF™7 « ABDY x COR)

where ABD is the abundance score, COR is an ABD correlation score using Pearson correlation and w
is calculated through:

_ nABD
W= LABD + 1

with nABD as the number of samples with sufficient coverage, which is set to >1 by default. Due to
the inaccurate separation of related species by TNF, S can be used to differentiate between them.
The graph-based clustering algorithm assigns each contig to a node and edges are based on the
similarity of the nodes. The initial graph is generated only based on TNF scores including a limited
number of edges per node to avoid too long running times, followed by iterative graph building
cycles, whereby edges with the highest S value are used for the following graph partition. [72]
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This is performed by a modified label propagation algorithm (LPA), [71] which is used to identify
communities in network structures. Therefore, each node is labeled and the network is reordered
based on the S score for each edge. For each node, the most frequent label in the neighbourhood is
returned. Consequently, clusters that are interconnected with high density obtain equal labeling
earlier. Finally, Fisher’s method is performed to determine to which neighbourhood the contig
belongs most probably. [72]

2.7.4 Evaluation of MAGs

To evaluate the quality of novel sequenced organisms the software CheckM can be used. CheckM
uses universal marker genes which are detected only once in >97% of the lineage-dependent
reference genomes. The collocation of two marker genes is determined by the occurrence of both
within 5 kbp in >95% of the genomes of one lineage. Based on the sets of collocated marker genes
the completeness is calculated as the ratio of detected marker gene sets divided by all marker gene
sets. The genome contamination is determined by the number of multiple copies of marker genes
within each set, divided by all sets of marker genes. Finally, a heterogeneity score is calculated as the
ratio between gene pairs, which occur multiple times and exceed an amino acid identity of 0.9. [73]

QUAST (quality assessment tool for genome assemblies) is used to obtain characteristic values of
each MAG, including N50, L50, number of contigs, total length, GC-content, or average coverage.
Though the program can compute much more metrices, here are only those described, which were
used for the quality assessment: [74]

N50 value is the length of the shortest contig of a set of longest contigs that represent 50% of the
genome.

L50 value describes the number of contigs, beginning from the longest, to cover 50% of the genome.

The GC content is calculated by the number of guanines and cytosines, divided by the total length of
the genome in bases.

The average coverage is the mean of coverages from all contigs and is displayed as a histogram by
QUAST.
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2.8 Phylogeny and Taxonomy

2.8.1 Last Common Ancestor

It has been established that all life forms can be divided into three domains of life, including Archaea,
Bacteria, and Eukarya. [87] Based on the tree of life, related organisms can be condensed into clades,
as a part of the phylogenetic tree with a common ancestor. Such a group of organisms is defined as
monophyletic. [88] The last common ancestor (LCA), or most recent common ancestor (MRCA), of a
clade is thought to contain shared properties of organisms within the clade. [89] Therefore, it is
possible to characterize novel organisms based on their contigs in comparison to references, as
described earlier, using the Autometa program. [67]

2.8.2 Ribosomal Protein Analysis

Instead of the most commonly used phylogenetic analysis based on 16S- and 23S-rRNA genes, it has
been shown in several studies, [90] that over 50 ribosomal proteins can be identified, from which 34
are universally conserved and 23 ribosomal proteins are specific for bacteria. [91] In contrast to the
rRNA approaches, in the phylogenetic analysis based on ribosomal proteins potential chimeric
artifacts are avoided. [90] For this purpose, ribosomal protein subunits of the same type must be
present in all organisms. A potential disadvantage is that some ribosomal proteins consist of
relatively short amino acid sequences, which makes it difficult to predict correctly and, hence, it is
possible that they are not annotated. The ribosomal proteins are then used to calculate the
phylogenetic relation. [91]

2.8.3 Average Nucleotide Identity

The Average Nucleotide ldentity (ANI) is a robust method to calculate nucleotide sequence
similarities of whole genomes between two or more species. Organisms from the same species share
an ANI of >95% and showing an average nucleotide identity of >83% pertain inter-species related
genomes. Since the first in silico approach of Goris and colleagues using the BLASTN program, [92]
several other algorithms have been established for calculating the average nucleotide identity based
on MUMmer (ANIm) or USEARCH (OrthiANIb). [93] [94] [95] Due to the increasing amount of
genomes, the most important step is to efficiently calculate pairwise ANI values for a huge number of
organisms while maintaining accuracy. In contrast to ANIm and OrthoANIb, which were investigated
to be significantly faster than the BLASTN algorithm for ANI scores above 90%, [100] FastANI reduces
the computation time 2-3 fold and also covers genomes with lower ANI scores. At first, fragments of
size | of the query genome (A) are generated avoiding overlaps, followed by a mapping step of the
fragments to a reference genome (B). Mashmap uses a winnowed-MinHash estimator for alignment
prediction instead of performing the alignment and results in triplets, containing the fragment index,
the identity estimation value, and the starting position in the reference genome. From each
fragment, only the triplet with the highest estimated identity is saved. Based on these triplets, a
reciprocal triplet set of the reference genome is generated, containing only the highest estimated
identity for each position in the reference genome. The identity values from the reciprocal set are
used for the mean calculation to obtain the final ANI score. (Figure 9.) FastANI uses a fragment length
of 3 kbp, a minimal amount of 50 reciprocal mappings, and an identity cutoff of 80% by default to
ensure the low runtime and high estimation accuracy. Instead of using direct alignments, the
underlying Mashmap algorithms generate a relation for the alignment identity of two sequences and
the Jaccard similarity based on a Poisson model of the single k-mers. [97]
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Figure 9. Simplified presentation of the Mashmap algorithm, implemented in the FastANI software. [97]

2.8.4 Phylogenetic Tree

Phylogenetic trees are used to display the evolutionary relationship of organisms. To create a
phylogenetic tree, several approaches can be used, including 16S- and 23S-rRNA analysis,[90]
ribosomal protein comparison [91] or based on the whole proteome of organisms. The latter strategy
is the most challenging due to the comparison of whole proteomes instead of certain selected
proteins or DNA sequences. OrthoFinder is a program to address this problem and to generate
phylogenetic trees with high reliability. At first, proteins are separated into sets of orthologs
(orthogroups). Orthologs are genes, which were already present in the last common ancestor. Based
on each orthogroup an unrooted tree is created using DendroBLAST, followed by generating an
unrooted tree for the species using the STAG algorithm. The STAG (species tree from all genes)
program uses not only one-to-one orthologs but most closely related genes of orthogroups. The
unrooted tree on the level of the organism is then rooted using the STRIDE (Species Tree Root
Inference from Duplication Events) algorithm to characterize gene-duplications in the orthogroup-
based trees. Based on the rooted species tree, the unrooted orthogroup trees are rooted, in turn.
Furthermore, gene duplication and loss events are detected by a duplication-loss-coalescence model
and the species-overlap method. A duplicated gene leads to the occurrence of two or more genes
within an orthogroup and, in turn, results in a false negative (if the true ortholog is not detected) or
false positives (if the paralog is identified as an ortholog). [98] Paralogs are generated after gene
duplication events, whereas orthologs are generated through speciation events. [106]

24



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

2.9 Postprocessing Analysis

2.9.1 Gene and Protein Prediction

Prodigal (Prokaryotic Gene Recognition and Translation Initiation Site Identification) is a software
tool for gene and peptide prediction in prokaryotes. At first all start and stop codons in the genome
are detected, including only standard codons, such as ATG, GTG, or TTG as starting codons, for
instance. Based on the start codons, all open reading frames (ORFs) are predicted, and a frame bias
model is used to score the start codons, based on the length of ORFs and the G/C occurrence at each
codon position. An ORF is defined as a region between start and stop codons, which can potentially
be transcribed to mRNA and translated to a protein. Before the first dynamic programming step, the
starting codons (nodes) are selected, which comply with the highest-scoring values and overlap a
stop codon within fewer than 60bp.

The coding score is calculated for each 6-mer by the logarithmic fraction of percentage occurrence in
the training set and the percentage occurrence within the sequence. The final coding score is equal
to the sum of all coding scores of the 6-mers within a gene. The coding score represents the
likelihood of sequences between a start and a stop codon to be a gene. Therefore, it is used for
determination of potential genes.

During the dynamic programming step, genes are selected, when nodes, assigned to starting codons,
reach stop codons and intergenic sequences are predicted vice versa. Next, all possible 6-mers of all
sequences are generated and used to calculate coding scores, after log transformation. For the
predicted genes ribosomal binding sites and shine Dalgarno motifs are predicted over 10 iterations.
Consequently, a final score is calculated based on the start and coding score. If a gene length is below
250 bp it is penalized. Finally, a second dynamic programming step is made based on 6-mers to
eliminate negative scores. This leads to a dataset, containing gene coordinates and translated
proteins. [75]

2.9.2 Metabolic Pathway Analysis

2.9.2.1 Quorum Sensing

Quorum sensing (QS) is used by microorganisms to communicate with each other through small
molecules. These molecules are involved in gene regulation and therefore, phenomena including,
bioluminescence or biofilm formation can be controlled, based on cell population density. [76]
Several main signalling molecules have been studied in the past, including different types of
autoinducer (Al-1, AH-2, and Al-3) [77] [78] [79] or autoinducerpeptides. [80] The signal can activate
the transcription of specific proteins, including BGCs to react to the population density. [76] [81]

2.9.2.2 Alkansulfon Metabolism

Sulfonates are a special class of molecules, containing a C-S bonding. These bonds must be
synthesized by specific enzymes. Two well-studied representatives are allicin, the antimicrobial
compound produced in garlic [82] and coenzyme M and B, which are involved in methane
metabolism, most commonly in archaea. [83] Although, coenzyme M is a central molecule in
methane metabolism the biosynthetic pathway is not completely understood. Recently, it has been
investigated that there exist alternative biosynthetic pathways in different phyla, including
Alphaproteobacteria, for instance. Independent from species, the final step in coenzyme M
biosynthesis is still unknown, although it is assumed that an enzyme, containing a 4Fe-4S cluster, is
involved. [84]
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2.9.3 Prediction of Biosynthetic Gene Clusters

antiSMASH is a data mining software, which is used to predict biosynthetic gene clusters and is based
on searches against profile hidden Markov models (pHMM). These were generated by multiple
sequence alignments of already described core proteins or protein domains of BGCs from databases,
including the antiSMASH database and the MIBiG (Minimal information about biosynthetic gene
clusters) repository. Together with novel pHMMs based on seed alignments (BLAST), a library is
obtained and used to predict query proteins. The final BGCs are then generated by the inclusion of all
genes within 5, 10, or 20 kb from the core enzyme. Based on this greedy approach it is possible that
‘superclusters’ are predicted if two core enzymes of different BGC are located within the inclusion
distance. By this approach, only known BGCs can be predicted. To also identify novel BGCs, the input
sequences are separated into protein families by the Pfam program to obtain Pfam domains, which
in turn are used as input for an HMM to distinguish between ‘gene cluster’- and ‘rest-of-the-
genome’-states. In the used version, antiSMASH 4, new algorithms for module and product
prediction for NRPS-, PKS-, RiPP- and terpene-BGCs are integrated. [85] [86]

Genome Sequence Gene prediction Gene cluster
(GBK | EMBL / FASTA) (optional) identification
[Glimmer 3) (pHMMs of signature genes)
l Y 1

Chemical structure
NS /RIS prediction ClusterBlast smCOG analysis

domain analysis |
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Figure 10. General Workflow of the antiSMASH software for prediction of Biosynthetic Gene Clusters. [85]

2.10 Aims and Expectations

In this work, our aim is to create the first shotgun metagenome of the rhizobiome from the
endangered orchid D. traunsteineri. Therefore, phylogenetic and functional analyses were performed
to obtain information about the microbiome, as well as the biologic potential. The analysis of the
generated MAGs was performed with a special focus on potential bioactive SM produced by BGCs.
This sets the stage for future analysis of the holobiont. The most promising BGCs might be further
used as candidates for heterologous expression.
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3 Materials and Methods

3.1 Sequencing
The whole sampling, sample preparation and sequencing procedure was performed following in
house protocols.

3.2 Metagenome Assembly

3.2.1 Preprocessing
The sequenced reads were obtained in the forward and reverse directions. Terminal barcode
sequences were removed by the software Trimmomatic (v0.40). [64]

3.2.2 Assembly and Binning

The trimmed reads from both samples were split into three datasets: one containing reads from the
soil, one containing reads from the washing water, and one containing the remaining reads from
both samples. All three datasets were assembled with the software MEGAHIT (v1.2.9) [66] and the
generated contigs from all three datasets were combined. To generate metagenome-assembled
genomes contigs were binned using the software Autometa (v2.0) [67] and MetaBAT2 (v1.7) [72] for
unclustered contigs. For further improvement, the corresponding reads of each MAGs’ contigs were
extracted and reassembled with SPAdes (v3.14.1), [65] using the meta option.

3.2.3 Evaluation of MAGs

The quality of the MAGs was evaluated by the software CheckM (v1.1.3) [73] and QUAST (v5.0.2).
[74] Based on the results from CheckM [73] it was possible to classify all MAGs by completeness and
contamination. The MAGs were divided into three groups by certain threshold values. The
classification rules are displayed in Table 1. Furthermore, the heterogeneity for each MAG was
obtained.

Table 1.: Classification thresholds based on completeness and contamination levels, obtained from CheckM [73] to group
MAGs.

CLASSIFICATION OF MAGS COMPLETENESS [%] CONTAMINATION [%]
HIGH QUALITY >75 <25
MEDIUM QUALITY 30-75 <25
LOW QUALITY <30 > 25

The QUAST [74] analysis was also performed for each MAG and general statistics, including N50, L50,
contig length, average coverage, and GC content, were generated to obtain an assessment of the
sequencing and binning quality. Based on these results, the MAGs were further characterized.
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3.3 Phylogeny and Taxonomy

For the taxonomic analysis of the generated MAGs, several approaches were used: at first it was tried
to identify equally annotated ribosomal proteins to set them into relation. Furthermore, a taxonomic
table was created by the software Autometa [67] , based on the non-redundant database (NCBI). As
a further attempt, the average nucleotide identity was calculated using the software FastANI (v1.33)
[97] and, finally, phylogenetic trees were generated based on the software OrthoFinder (v2.5.2). [98]

3.3.1 Ribosomal Protein Analysis

All ribosomal proteins were extracted for each MAG based on the KEGG [107] and PANNZER2 [108]
annotation. The obtained proteins were quantified by type to identify the most abundant
representative in all MAGs.

3.3.2 Lowest Common Ancestor

The lowest common ancestor was predicted using the corresponding option from Autometa. The
binned MAGs were used as input and for each MAG a taxonomic prediction was obtained, except
those MAGs, which could not be clustered by Autometa and were grouped as unclustered MAGs.
(67]

3.3.3 Average Nucleotide Identity

A generated library of 199 reference organisms, downloaded from the NCBI-database was generated
and used to calculate the average nucleotide identity of the MAGs using the software FastANI. [97]
The reference genomes were classified by phylum and an overview of the distribution of reference
genomes is displayed in Figure 11. For each MAG the highest ANI-score was extracted. Furthermore,
the relative abundance of all ANI-scores for each MAG was calculated.
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Figure 11. Abundance of the reference genomes used for average nucleotide identity analysis categorized by phylum.
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3.3.4 Phylogenetic Tree

A phylogenetic tree was constructed based on the results of the program OrthoFinder. The number
of reference genomes was reduced to 21 due to computational limitations. The selected organisms
were combined with the MAGs with high and medium quality before running OrthoFinder. The
resulted file in Newick Format contained node values as well as distance-dependent edge lengths. To
display the phylogenetic tree graphically, the online tool phylo.io [98] was used for rooted trees and
the R-package ggtree (v3.0.4) [100] was used to create an unrooted tree. Furthermore, it was tried to
classify the MAGs more specifically by adding other reference genomes.

3.4 Postprocessing Analysis

3.4.1 Gene Prediction and Annotation

For each generated MAG as well as for all generated contigs from the rhizobiome, genes and proteins
were predicted using the software Prodigal (v2.6.3). [75] The fasta files containing the peptide
sequences were annotated by the KEGG [107] (E-value = 0.01) and PANNZER2 [108] databases. The
KEGG [107] annotation was further used to investigate metabolic pathways, whereas PANNZER2
[108] and the corresponding domains and gene ontology were annotated additionally. The final
functional annotation was based on both database annotations, but with stronger consideration of
the KEGG [107] annotation. For further evaluation of unspecific annotations, domain prediction and
gene ontologies were taken into account to provide a reliable description. For the rhizobiome, the
corresponding protein files were split into several files for annotation due to the limited number of
entries from the databases.

3.4.2 Metabolic Pathway Analysis

For pathway analyses, the KEGG database [107] was used to investigate the metabolic potential of
the MAGs with high or medium quality. For missing enzymes in a pathway, it was tried to find
corresponding proteins based on the PANNZER2 [108] annotation. Besides primary metabolic
pathways, some MAG-specific pathways were described in more detail, including enediyne
biosynthesis, QS, and alkanesulfone biosynthesis.

3.4.3 Prediction of Biosynthetic Gene Clusters

For each MAG and the rhizobiome biosynthetic gene clusters were predicted using the software
antiSMASH (v4.2.0). [85] The BGCs were investigated for MAGs from all qualities and an overview by
BGC type and each MAG was generated. As a next step, BGCs from specific types, including NRPS,
PKS, terpenes, bacteriocins, or lantipeptides, were annotated based on the KEGG [107] and
PANNZER2 [108] annotations and checked for completeness. Besides the involved genes, module
prediction of the NRPS and PKS clusters were investigated for their completeness and divided into
three groups: complete modules, at least one complete module, and no complete modules. Based on
these results 10 BGCs were selected and described for future investigation.
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4 Results

4.1 Metagenome Assembled Genomes
4.1.1 Generation of MAGs

The binning process using Autometa [67] resulted in 37 predicted MAGs and a group of contigs
classified as “unclustered”. These contigs were then rebinned with MetaBAT2 [72] and resulted in
ten additional MAGs. From 47 generated MAGs, it was possible to reassemble 32 MAGs, whereas 15
could not be reassembled using SPAdes. [65] Overall, 1,999,537 contigs were generated after the

assembly using MEGAHIT [66] , from which 21,943 could be binned to MAGs.

4.1.2 Quality Assessment

The contamination (Figure 12.) and heterogeneity (Figure 13.) of each MAG are plotted against the
completeness to visualize the classification of the MAGs by quality. From the defined thresholds in
Table 1., five MAGs with high quality, eight MAGs with medium quality, and 27 MAGs with low
quality were obtained. Seven of the originally generated MAGs were discarded after quality
evaluation, due to a contamination score of > 100% or completeness below 10%.

In Table 6. an overview of the final classification of the MAGs, sorted by completeness is displayed.

Furthermore, values for contamination and heterogeneity are also displayed.

Assessment of Metagnome Assembled Genome Quality
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Contamination [%4]
(8]
[=]

L]
=1
1
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Category
®  Good Quality
*  Medium Quality
®  Low Quality

Figure 12. Graphic presentation of MAGs. Based on their completeness (x-axis) and contamination (y-axis), the quality

classification was assigned.
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Assessment of Metagnome Assembled Genome Heterogeneity
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Figure 13. Graphic classification of MAGs. Based on their completeness (x-axis) and heterogeneity (y-axis), an overview of
the potential novelty of the MAGs is obtained.

Besides completeness and contamination scores, the heterogeneity allowed a first impression of the
novelty of the MAGs, though, it had to be considered that high heterogeneity values could also result
from two or more organisms that were grouped as one MAG during the binning process.

Based on the quality assessment MAGs were further characterized according to their N50, L50,
average coverage, number of contigs, and GC content. The N50 (Figure 14.) and L50 (Figure 34.)
values as well as contig amounts (Figure 15.) of the MAGs confirmed the results from the quality
assessment. Generally, it was observed that MAGs with high quality were assembled by longer
contigs, indicated by higher N50 and lower L50 values, and a lower amount of contigs to cover the
genomes, consequently. In MAG_Dt_26, the best assembly statistics could be found with just 49
contigs and the highest N50 value of 221,190 bases. In addition, high-quality MAGs were identified to
have a higher average coverage overall contigs compared to low or medium quality MAGs (Figure
16.). Especially, MAG_Dt_25 and MAG_Dt_26 were observed to comprise the highest average
coverage values. Finally, average GC contents were displayed in Figure 35. for each MAG.
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Figure 14. N50 values, sorted by length in bp and assigned to each MAG. High- and medium quality MAGs show generally
higher N50 values than low-quality MAGs.
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Figure 15. Number of contigs each MAG consists of, classified by quality. Tendencies can be observed that high and medium
quality MAGs consist of fewer contigs as their low-quality counterparts.
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Figure 16. Average coverage of all contigs for each MAG, categorized by quality. Although the average coverage is relatively
low in all MAGs, high quality MAGs seem to consist of higher average coverages than medium and low-quality MAGs.
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4.2 Phylogeny and Taxonomy
The results from all four approaches were considered for taxonomic classification, as far as it was
possible to obtain reasonable results.

4.2.1 Ribosomal Protein Analysis

The abundance of the different ribosomal proteins is displayed in the Figure 17. Due to the low
amount of 19 equal representatives in 37 MAGs, it was not possible to draw further conclusions from
this approach.

Ribosomal Protein
o
B

a 2 4 L] a 10 1z 1 15 13 20

Abundance

Figure 17. Abundance of the extracted ribosomal proteins, sorted by type. Due to too few representatives, it was not
possible to continue with a phylogenetic analysis based on this approach

4.2.2 Lowest Common Ancestor

A taxonomic table for all MAGs, except unclustered MAGs, was obtained by comparison with the
non-redundant database (NCBI). At least all MAGs could be classified into certain phyla. Seven high
or medium quality MAGs could be characterized more specifically. An overview of the taxonomic
results is shown in Table 3., where the corresponding phylum and the most specific classification
were displayed for each MAG, classified by Autometa. [67]

4.2.3 Average Nucleotide Identity

For all MAGs, the highest ANI-score was evaluated and plotted in Figure 18. Only one MAG,
MAG_Dt_03, obtained an ANI-score over 80%. The remaining MAGs had average nucleotide
identities between 74% to 79% (A). Due to the low similarity scores, no further classification of the
MAGs could be made. Furthermore, a heatmap based on all ANI-scores was generated for each MAG
compared to the reference genomes. (B)
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be seen, the ANI score is below 75%. (B) Relative abundance of obtained ANI-scores for high- and medium quality MAGs,
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From the relative abundance of ANI scores, MAGs could be classified into two subgroups: ones, that
show similarities with a wide range of organisms in different phyla (group 1), and others, which have
only similarity to reference organism of one or no phylum (group 2). The results were summarized in
Table 2.

Table 2.: Summary of most likely taxonomic classifications based on highest ANI scores and the relative abundance of ANI
scores per phylum.

MAG CLASSIFICATION MOST ABUNDANT QUALTIY
REFERENCE PHYLUM CLASSIFICATION

MAG_Dt_01 Group 1 Actinobacteria High
MAG_Dt_02 Group 1 Gemmatimonadetes High
MAG_Dt_03 Group 1 Deltaproteobacteria Medium
MAG_Dt_05 Group 2 - Medium
MAG_Dt_10 Group 2 Acidobacteria Medium
MAG_Dt_23 Group 1 Alphaproteobacteria Medium
MAG_Dt_25 Group 1 Actinobacteria High
MAG_Dt_26 Group 2 Gammaproteobacteria High
MAG_Dt_31 Group 1 Deltaproteobacteria Medium
MAG_Dt_35 Group 1 Gemmatimonadetes Medium
MAG_Dt_36 Group 1 Actinobacteria High
MAG_Dt_39 Group 2 - Medium
MAG_Dt_45 Group 2 - Medium
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4.2.4 Phylogenetic Tree

An unrooted (Figure 19.) and a rooted (Figure 20.) phylogenetic tree were generated based on the
results from OrthoFinder. [98] In both trees, the phyla containing a MAG were coloured and
described, whereas all other phyla were not marked. From the rooted tree, the phylogenetic distance

and the node values can be determined, for further evaluation of the reliability.

Gammaproteobacteria

MAG_Dt_45 Alphaproteobacteria
MAG_Dt_26 MAG_Dt_23
MAG_Dt_35

Deltaprotecobacteria
MAG_Dt_31
MAG_Dt_326
MAG_Dt_25

Acidobacteria
MAG_Dt_10
MAG_Dt_03

Bacteriodetes
MAG_Dt_39

MAG_Dt_02

Figure 19. Unrooted tree, based on whole proteomes from the displayed organisms. Fewer representatives were used from
each phylum to ensure readability. All MAGs could be assigned at least to a phylum, except MAG_Dt_02, which was

identified between Acidobacteria and Gemmatimonadetes.
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Figure 20. Rooted tree based on the whole proteomes from the displayed organisms. In contrast to the unrooted tree,
phylogenetic relationships and distances can be observed. The node values are calculated by the software tool OrthoFinder
[98] by combining phylogenetic trees from all orthogroups. Therefore, higher values indicate that organisms share a higher
number of orthologues.

Although MAG_Dt_02 was determined to be part of the Acidobacteria, it could not be defined
exactly. When using another set of reference genomes, MAG_Dt_02 was characterized as a
Gemmatimonadetum.
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4.2.5 Taxonomic Classification

The results from the three approaches for taxonomic classification and the final description are
summarized in Table 3. The classification into a phylum is based on results from OrthoFinder, [98]
Autometa, [67] and ANI. [97] The most accurate classification results from the Autometa taxonomic
table. [67] MAG_Dt_39 and MAG_Dt_45 were only classified by the results from OrthoFinder, [98]
due to the lack of taxonomic classification by Autometa. [67]

Table 3.: Final taxonomic classification of high- and medium-quality MAGs, based on the results from OrthoFinder [98] and
Autometa. [67]

MAG PHYLUM MOST ACCURATE CLASSIFICATION
CLASSIFICATION
MAG_Dt_01 Actinobacteria - High
MAG_Dt_02 Acidobacteria* - High
MAG_Dt_03 Acidobacteria - Medium
MAG_Dt_05 Armatimonadetes - Medium
MAG_Dt_10 Acidobacteria Solibacteriaceae (Family) Medium
MAG_Dt_23 Alphaproteobacteria Rhodospirillaceae (Family) Medium
MAG_Dt_25 Deltaproteobacteria Myxococcales (Order) High
MAG_Dt_26 Gammaproteobacteria Steroidobacter (Genus) High
MAG_Dt_31 Deltaproteobacteria Rhodospirillaceae (Family) Medium
MAG_Dt_35 Alphaproteobacteria - Medium
MAG_Dt_36 Deltaproteobacteria Myxococcales (Order) High
MAG_Dt_39 Bacteriodetes - Medium
MAG_Dt_45 Gammaproteobacteria Steroidobacter (Genus) Medium

Due to the classification of MAG_Dt_02 as Acidobacterium using the Autometa [67] classification, it
was possible to define the MAG as an Acidobacterium despite the inaccurate results from
OrtohFinder.

The classified phyla were used to calculate the Shannon-Index to indicate the bacterial diversity of
the MAGs in the metagenome. The higher the calculated Shannon-Index is, the higher is the diversity
in a certain sample. The Shannon-Index of the high and medium quality MAGs resulted in a value of
1.84, compared to the maximum value of 2.65 for 13 species. Including also low-quality MAGs, the
value increased to 2.87, in comparison to a maximum value of 3.61. Regarding low-quality MAGs,
two more phyla, involving the PVC-group and Gemmatimonadetes, were covered.
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4.3 Postprocessing Analysis

4.3.1 Gene Prediction and Annotation

The predicted proteins were annotated using the KEGG [107] and PANNZER2 (UniProt) [108]
database. The absolute amount of predicted proteins and annotated proteins from KEGG [107] and
PANNZER2 [108] were counted and displayed in Figure 21. MAGs with high quality consisted of more
proteins than MAGs with medium quality, which could be expected due to the lower completeness
level of the latter ones. In all MAGs more proteins were annotated through the PANNZER2 [108]
database than through the KEGG database. [107] The highest annotation percentage was observed in
MAG_Dt_01 (75%, PANNZER2 [108] ), whereas in two MAGs (MAG_Dt_25 and MAG_Dt_05) fewer
than 50% of the proteins were characterized. For protein annotation of metabolic pathways and
BGCs, annotations from the KEGG database [107] were taken into account first. All unannotated
proteins were then characterized using the PANNZER2 [108] annotation. Overall proteins, more than
50% could not be annotated completely.
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Figure 21. Absolute abundance of predicted (blue), and annotated (PANNZER2 [108] — orange, KEGG [107] — yellow)
proteins in high- and medium-quality MAGs.
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4.3.2 Metabolic Pathway Analysis

4.3.2.1 Enediyne Biosynthesis

The pathway for 9-membered enediyne core molecules is completely present in MAG_Dt_02.
Although previous studies showed these core enzymes cluster together, it could be discovered, that
only the enzymes E5 (contig 105, gene 37, nt. 771-1667), pksE (contig 105, gene 38, nt. 1664-7321),
and the thioesterase E10 (contig 105, gene 39, nt. 7318-7749) are grouped within one contig,
whereas enzymes E3 (contig 27, gene 2, nt. 710-1732) and E4 are located on other sites in the
genomes. Interestingly, 13 different peptides are characterized as enediyne biosynthesis enzyme E4,
whereas all other copies are only present once. Five E4 enzymes are located on one contig (contig 22,
genes 19, 20, 22, 23, 26). Besides the core enzymes another uncharacterized enzyme involved in
enediyne biosynthesis, E7 (contig 45, gene 31, nt. 47388-48761), is contained. The enzymes E5, pksE,
and E10 are followed by three uncharacterized enzymes and a DNA ligase. Despite the annotated
pksk, the contig was not detected by antiSMASH, [85] but was discovered by KEGG [107] and
PANNZER2 [108] annotation instead.

4.3.2.2 Quorum Sensing

Three MAGs were identified to potentially synthesize molecules involved in QS. In MAG_Dt_35 and
MAG_Dt_39 parts of the biosynthetic pathway for autoinducer-2 (Al-2) were observed. The core
enzyme for the final release of homocysteine, LuxS (contig 6304, gene 3, nt. 1437-1844), was
identified in MAG_Dt_39 as well as the methyltransferase (contig 10691, gene 2, nt. 1663-2346). The
only missing enzyme, S-adenosyl homocysteine nucleosidase (contig 6, gene 53, nt. 53980-54657), to
replace the adenosine by a ribosyl group, was only identified in MAG_Dt_35, whereas the core
enzyme, LuxS, could not be found in MAG_Dt_35.

In MAG_Dt_02 the core enzyme for the biosynthesis of the autoinducer-1 (Al-1) was annotated as
Penicillin Amidase G. After further investigation of the two enzymes, it was revealed that both
proteins were also characterized as Acyl-homoserine-lactone synthases (contig 44, gene 17, nt.
24036-26432). Additionally, one of the core enzymes was identified within a hybrid NRPS-PKS BGC,
displayed in Figure 22. Furthermore, an MFS transporter and an ABC permease were found next to
the Acyl-homoserine-lactone synthase, which are potentially involved in the export. The modules
from the NRPS-PKS enzyme were characterized as incomplete due to a missing starting module and a
missing acyltransferase domain, indicated with a red arrow in Figure 22. The other enzyme, essential
for the synthesis of the precursor S-adenosyl-L-methionine, was also identified as S-
adenosylmethionine synthase (contig 1, gene 121, nt. 142347-143528)
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Legend: MAG_Dt_02, Cluster 40, Contig 44, Nt. 1 — 66024;
Domain: A = Adenylation, C = Condensation, KS = Ketosynthase, AT = Acyltransferase,
KR = Ketoreductase, DH = Dehydratase, TE = Thioesterase, DHt = Dehydratase (variant)

Figure 22. A BGC containing an almost complete hybride NRPS-PKS enzyme complex, as well as the biosynthetic core
enzyme for autoinducer-1 biosynthesis, annotated as Penicillin G amidase. The red arrow indicates the position of the
missing Acyltransferase (AT) domain. Additionally, the starting module is missing due to the cut off of the contig. The genes
are divided into core (green), annotated (blue) and unannotated (red) genes.

4.3.2.3 Alkanesulfone Metabolism

In MAG_Dt_01 the enzyme phosphosulfolactate phosphatase (contig 217, gene 3, nt. 2604-3293)
was discovered which is an essential part of the coenzyme M biosynthesis. Another gene potentially
involved in the biosynthetic pathway was identified on a surrounding contig as the NAD+ -
dependent L-2-Hydroxycarboxylate Dehydrogenase (contig 215, genes 2 and 3, nt. 331-1722 and nt.
1719-2408). Further genes located nearby were characterized to contain 4 Fe — 4 S catalytic regions
(peroxiredoxin, contig 218, gene 6, nt. 3783-4214), which were described to catalyze the
decarboxylation and reduction steps [84] of the alkanesulfone precursor or with potential sulfate
transfer activity. As a sulfide source two potential enzymes were identified: the cysteine
desulfurylase (contig 220, gene 1, nt. 2-1330), which is part of the thiamine metabolism, and the
polysulfide reductase (contig 53, gene 1, nt. 2-718). Besides the putative biosynthetic enzymes, an
alkanesulfone importer subunit (SsuB) was detected, which would explain the missing
phosphosulfolactate synthase, though, the other subunits of the importer complex (SsuA and SsuC)
were not found. This enzyme was identified within MAG_Dt_39 (contig 5221, gene 2, nt. 826-1599).
Although all other enzymes of the coenzyme M biosynthetic pathway could not be found in
MAG_Dt_39, the biosynthetic pathway could be covered by a symbiotic biosynthesis, as shown in
Figure 23, of MAG_Dt_01 and MAG_Dt_39, where only the final decarboxylating enzyme was not
identified.
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Figure 23. Graphic representation of the identified enzymes for putative alkansulfone biosynthesis in MAG_Dt_39 and

MAG_Dt_01. (The graphic was created on the Biorender-platform)

In both MAGs a contamination value below 5% was recorded, whereas the completeness levels of
MAG_Dt_39 (33%) and MAG_Dt_01 (85%) differed significantly. Therefore, it must be considered
that the whole biosynthetic pathway could occur in MAG_Dt_39.
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4.3.3 Biosynthetic Gene Cluster Analysis and Secondary Metabolite Potential

A total of 1230 BGCs were predicted within the rhizobiome, and 424 BGCs within the characterized
MAGs, regardless the quality. The distribution of the BGC types is shown in Figure 24. The most
abundant BGCs in both, MAGs (blue) and the rhizobiome (orange), are classified as “Fatty Acid”,
“Saccharide”, “Putative” or “Other” gene clusters. BGCs from the first two categories are assumed to
be involved in the primary metabolism and are therefore not further analyzed. The undefined BGCs
(“Putative” and “Other”) are a diverse group, which is not further classified so far. Therefore, they
could synthesize bioactive substances, potentially, but are difficult to characterize. The most
important gene cluster types for potential bioactive SM are grouped as “Terpenes”, “NRPS” or “PKS”
— containing as well as “Bacteriocins” and “Lantipeptides”.

Distribution of BGCs in MAGs and Rhizobiome
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Figure 24. Graphic representation of predicted BGCs, sorted by type and if they were observed in MAGs or the rhizobiome.
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The BGCs, containing “NRPS” or “PKS” modules are further grouped by the completeness of the
predicted modules. (Figure 25.) As expected, the amount of BGCs, overall and complete, is higher in
the rhizobiome compared to MAGs due to the larger dataset. An exception is the T2PKS-OtherKS and
one T1PKS-NRPS hybrid gene cluster, which was found in MAGs and was not predicted in the
rhizobiome. This can be explained by the missing reassembly step with SPAdes [65] of the
rhizobiome-contigs. Therefore, the gene cluster is split into two gene clusters in the rhizobiome.
Furthermore, the complete amount of “NRPS” — BGCs (186) is not shown in Figure 25 to better
display the differences between the remaining clusters. Most of the complete gene clusters can be
associated with certain MAGs. An exception are the six complete “NRPS” gene clusters, which must
be part of not assembled microorganisms from the rhizobiome. Overall, 13 complete BGCs,
containing “PKS”, “NRPS” or hybrids were obtained and annotated.

Distribution of PKS and NRPS BGCs in MAGs and Rhizobiome
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Figure 25. Graphic representation of predicted BGCs containing PKS and/or NRPS. The BGCs were sorted by completeness
(yellow and green for complete modules) and if they were observed in MAGs or in the rhizobiome.

In Figure 36. the characterized BGCs are shown for each MAG. High-quality MAGs contain the most
BGCs, ranging from 19 (MAG_Dt_26) to 71 (MAG_Dt_02), followed by less distributed MAGs with
medium quality, covering only one (MAG_Dt_05) up to 24 BGCs (MAG_Dt_03). Some low-quality
MAGs contain no BGCs, whereas MAG_Dt_44 contains as much as some high (MAG_Dt_01) or
medium quality MAGs (MAG_Dt_03).

All BGCs, which produce potential bioactive SM are described in the following chapters. The core
genes were marked in green, further annotated genes were coloured in blue and undefined genes
were displayed in red. Further classifications for certain genes were described in the corresponding
chapter.
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4.3.3.1 Terpene

The analyzed terpene cluster was found in MAG_Dt_36 on contig 17 with the core genes 35-39 (gene
35: nt. 35263-36213, gene 36: nt. 36210-37727, gene 37: nt. 37720-38799, gene 38: nt. 38796-41260,
gene 39: 40040-41260). In Figure 26. the BGC for Zeaxanthin-diglucoside biosynthesis is displayed,
including the core enzymes (A), as well as the pathway (B), according to the KEGG-database. [107]
The isopentenyl-subunits, synthesized through the mevalonate pathway, could be concatenated to
GGPP (Geranyl-geranyl-pyrophosphate) by CrtE (GGPP-synthase). After dehydration by CrtB (15-cis
phytoene synthase), terminal cyclization by Crtl/ (phytoene desaturase), and by CrtY (lycopene R-
cyclase), and reduction catalyzed by CrtR (Cytochrome P450 reductase), which was not identified in
this BGC, but within the MAG. Finally, D-rhamnose subunits could be added by CrtX (Zeaxanthin-
glycosyltransferase).
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Legend: MAG_Dt_36, Cluster 13, Contig 17, Nt. 25263 — 49977

Figure 26. (A) A BGC, containing all enzymes, necessary for Zeaxanthin — diglucoside biosynthesis, except CrtR. (B)
Reconstructed biosynthetic pathway starting from the Mevalonate pathway, according to KEGG-database. [107] CrtE
synthesises GGPP from Isopentenyl-subunits, followed by dehydration (CrtB), desaturation (Crt/), terminal cyclization (CrtY)
and glycosyl-transferase (CrtR). The genes are divided into core (green), annotated (blue) and unannotated (red) genes.
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4.3.3.2  Non-ribosomal Protein Synthetase

The annotated NRPS-BGC was found in the rhizobiome, on contig 1528046 with the core genes 41
(nt. 58113-61736) and 42 (nt. 61791-72962) and is displayed in Figure 27. In the described gene
cluster, two core enzymes were identified at the end of the contig, which, in turn, could be
interpreted as a complete gene cluster, but also as an incomplete BGC. The putative missing
sequence could be lost during the assembly step. In the displayed modules the obligate condensation
(C) and adenylation (A) regions were defined together with an epimerization domain (E).

Besides the NRPS the protein HigA (gene 36, nt. 50938-51222), an antidote protein, was identified in
the BGC. The condensation modules were predicted to use L — amino acids as substrates followed by
an epimerization. In the second annotated gene cluster (Figure 38.) the core enzymes for non-
ribosomal protein synthesis were not found at the terminal sites of the BGC. Hence, the
completeness of the core enzyme was assumed, although a second condensation domain in the sixth
module was observed.

Rhizobiome Cluster 371
Contig 1528046
Nt 38113 - 72963

S
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Legend: Rhizobiome, Cluster 971, Contig 1528046, Nt. 38113 — 72963;
Domain: A = Adenylation, C = Condensation, E = Epimerization, TE = Thioesterase

Figure 27. NRPS-containing BGC. Although the modules seem to be complete, it would be possible that the enzyme was

disrupted by the termination of the contig. The genes are divided into core (green), annotated (blue) and unannotated (red)
genes.
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4.3.3.3 Type 1 Polyketide Synthase

The only complete type 1 PKS was identified as single modular, containing a ketosynthase (KS), an
acyltransferase domain (AT), and a dehydratase domain (DH), in MAG_Dt 43, on contig 9.
Furthermore, the enterobactin synthetase D subunit (EntD, contig 9, gene 24, nt. 30064-30753), was
annotated upstream to the core enzyme. The diphosphatase EntD was already reported to act as a
supporting enzyme on the core enzyme EntB, the substrate carrier enzyme, in the biosynthetic
pathway of enterobactin. Nevertheless, enterobactin and derivates were known to be produced by
NRPS instead of type 1 PKS. [101] Other subunits for enterobactin biosynthesis (EntA-C and EntE-F)

could not be identified in the MAG, due to the contamination value of over 100%.
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Legend: MAG_Dt_43, Cluster 03, Contig 09, Nt. 20187 — 57916; Core genes 32 (nt. 40187-45382) and 33 (nt. 45379-49113)
Domain: KS = Ketosynthase, AT = Acyltransferase, DH = Dehydratase, TD = Terminal Reductase, CAL = Coenzyme A Ligase

Figure 28. A complete type-1 PKS-BGC, observed in the excluded MAG_Dt_43. The genes are divided into core (green),

annotated (blue) and unannotated (red) genes.
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4.3.3.4  NRPS-PKS-Hybrids

All observed and annotated hybrid NRPS-PKS gene clusters were identified with consecutive modules
due to missing termination modules within the core enzymes (see Supplementary). Furthermore, all
parts of the core enzyme showed the same orientation on the BGC, which was taken as further
evidence that the modules could be part of one core enzyme. Only in cluster 28 from MAG_Dt_02,
the core genes were observed to be counter orientated. (Figure 39.)

The displayed BGC was found in MAG_Dt_02 on contig 43 with the core genes 19-27 (gene 19: nt.
20376-28442, gene 20: nt. 28462-33798, gene 21: nt. 33795-34724, gene 22: nt. 23721-40123, gene
23: nt. 40120-46092, gene 24: nt. 46096-48015, gene 25: nt. 48012-58535, gene 26: nt. 58510-61575,
gene 27: nt. 61572-65792). Besides the starting (CAL) and termination module (TD), ten modules
were characterized, from which eight were predicted to be NRPS-modules and two PKS-modules. The
integrated methyltransferase (nMT) was observed in module five, whereas another
methyltransferase was predicted as a single enzyme (FkbM). Methyltransferases from the FkbM
family were described to contain two well-conserved regions as well as a variable amino acid chain in
between. Motamedi, H., et. al., identified a member of the FkbM family as part of the biosynthesis of
immunosuppressant’s. [102] In contrast to six NRP-modules containing possible condensation
domains for L-amino acids and an adenylation domain (M1, M2, M3, M7, M8, M9), in one module
(M6) an epimerization domain, followed by a D-amino acid condensation domain was characterized.
In addition to the obligate ketosynthase (KS) and acyltransferase domain (AT), a ketoreductase- (KR)
and a dehydratase domain (DH) were identified in module M4, in contrast to module M10.

Furthermore, a putative cytotoxic peptide (contig 43, gene 4, nt. 10616-10843) was identified but
could not be specified in more detail, as well as two unspecified transporter proteins, Type-2 ABC
and MFS were identified upstream to the core enzyme.
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Legend: MAG_Dt_02, Cluster 39, Contig 43, Nt. 376 — 66069;
Domain: A = Adenylation, C = Condensation, KS = Ketosynthase, AT = Acyltransferase, E = Epimerization, KR = Ketoreductase,

DH = Dehydratase, TD = Terminal Reductase, CAL = Coenzyme A Ligase, nMT = Nitrogen-Methyltransferase
Module: NRPS = M1, M2, M3, M5, M6, M7, M8, M9; PKS = M4, M10

Figure 29. Hybrid NRPS-PKS BGC containing complete modules and a separately annotated methylation domain within the
core enzyme. The cluster contains complete modules (M1-10) and is not located at a terminus of the contig, which means
that no modules were cut off. The BGC contains 8 NRPS modules and 2 PKS modules. The genes are divided into core
(green), annotated (blue) and unannotated (red) genes.
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4.3.3.5 Lantipeptide

The BGC with five lantipeptides was predicted in the high-quality MAG_Dt_02, on contig 46 with the
core gene 37 (nt. 45695-48982) and Lantipeptide 1 (nt. 31007-31134), Lantipeptide 2 (nt. 48979-
49191), Lantipeptide 3 (nt. 49210-49322), Lantipeptide 4 (nt. 49745-49842), Lantipeptide 5 (nt.
50019-50149) and Put. Lantipeptide (nt. 49352-49711). The core enzyme within this cluster was
defined as LanM enzyme. All putative lantipeptides were observed next to the LanM enzyme except
Lantipeptide 1, which was identified at the beginning of the BGC. Nearby the Lantipeptide 1 a gene
was annotated as “Al-2 transporter protein TgsA” for the transport of Autoinducer-2, a molecule
involved in QS. Hetzberg, M., and colleagues described TgsA as a transporter and regulator, due to
expression changes, of autoinducer-2 molecules and, hence, of biofilm formation. [103]

In contrast to the lack of enzymes involved in Al-2 biosynthesis in MAG_Dt_02, the Al-2 sensor kinase
LuxQ was detected in the neighbouring contig (MAG_Dt_02, contig 45). In addition to the LuxQ
sensor kinase (contig 45, gene 2, nt. 452-2215), the two-component repressor and regulation factors,
LuxO (contig 7, gene 51, nt. 62205-63590) and LuxR (contig 22, gene 38, nt. 52808-53467), were
identified within the genome. In former studies, [104] Al-2 was described to inhibit transcription
repressor proteins to enable transcription of certain genes. Furthermore, it was shown by Wang, L.,
and colleagues, that an accumulation of Al-2 in the cytoplasm increased the transcription of sensor
and transporter enzymes, such as TgsA transporters. [104] Due to the close location, it would be
possible that the Lantipeptide 1 would be coexpressed with the TgsA (contig 46, gene 26, nt. 28916-
30040) gene.
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Legend: MAG_Dt_02, Cluster 42, Contig 46, Nt. 25695 — 62375

Figure 30. Type Il lantipeptide containing BGC. Four of five predicted BGCs are located near the core enzyme LanM,
whereas the last is relatively far away, but clusters together with an Al-2 transporter protein, which is necessary to import
QS signals. The genes are divided into core (green), annotated (blue) and unannotated (red) genes. One unannotated
peptide, located within four lantipeptides was marked (yellow) and investigated.
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Table 4.: Overview of the five predicted lantipeptides, separated by leader and core peptide as well as the unannotated
small peptide, between the lantipeptides. Furthermore, all potential serine (yellow), threonine (blue) and cysteine (red)
residues were marked.

LANTIPEPTIDE LEADER PEPTIDE CORE PEPTIDE

Lantipeptide 1 MKLTRYGQHIDKRRSSGYSGDSTSLWG GDhbDhbEDhbLRDh=RDMaVFLCL

Lantipeptide 2 MKKKIDVARAWRDEEYYLGLTEEERASLGA  HPDhaGLIEVDG LLKDhbVVGGVA
DhbLVDDhbCDh=AICDhbPCPPRQCY

Lantipeptide 3 LREAFRVSRKPSPKGRAGRAPAEARPLLAG RFCIDCQ
Lantipeptide 4 LSKLLSKNVLTWPETRGIILA VVRECGDhbPPVP
Lantipeptide 5 VARSLAAA AQGRAWAARGRAADhbARGRA
VADGDRAAAARCRAGHARLLAAAANP
Put. MPEIT FADYV I DWERLLAAVANNEAGLPDLGPQRT LEDILEEAKAV TRQDA R QL

Lantipeptide ADAKRRREILFEGRAAA RLRAALKGHFGGHNEKLVEFGARPIRQRR TAKLVDPPLAVEX

After further investigation of the leader sequences, which were expected to be conserved, [50] only
the leader sequence of Lantipeptide 2 showed a sequence similarity of 66,67% with other leader
sequences in the non-redundant protein database (NCBI). The other leader sequences could not be
characterized. Finally, the sequence of the uncharacterized protein between Lantipeptide 3 and
Lantipeptide 4, marked in yellow, was extracted and all serine, threonine, and cysteine residues were
marked in the corresponding colours.
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Legend: Rhizobiome, Cluster 442, Contig 1922984, Nt. 1 — 12235

Figure 31. A type-I lantipeptide cluster, containing the core enzymes LanB and LanC. Despite no lantipeptides could be
predicted, the three short peptides downstream to the core enzymes were investigated further. The genes are divided into
core (green), annotated (blue) and unannotated (red) genes.

Another potential BGC synthesizing lantipeptides was found in the rhizobiome on contig 1922984
with the core genes 5-6 (gene 5: nt. 2157-5444, gene 6: nt. 5441-6745). In contrast to the prior
described cluster containing LanM as core enzyme, the two enzymes LanB and LanC were
characterized. The three following genes could not be annotated and no leader and core — sequences
for putative lantipeptides were predicted. The multiple sequence alignment with 20 defined
lantipeptides (from [50] ), as well as the lantipeptides from the prior described BGC, gave no
significant results. Therefore, the sequences were screened for potential serine (yellow), threonine
(blue), and cysteine (red) residues, which were marked in Table 5.

51



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table 5.: Amino acid sequence of the three short peptides, downstream to the core enzymes. Serine, threonine and
cysteine residues were coloured as before to obtain an impression for potential post-translational modifications.

LANTIPEPTIDE SEQUENCES

Rhizo_Cluster_442_02 MDDKARIAEIEHRIMAAFAAGDAEALVAQYTEDAVLLSPDYPAIQGRAAILEA
YRAALDEYEMRLETVVEETEVAGDWAWMRGRFEHTSTRKADGAATTARGK
YLVIARRDPDGAWRFHRDAFNLDEPRTX

Rhizo_Cluster_442_03 MRFYTQQECDEWLSDRQRTKPDAAPGVHRERISYPPEPYRIFSVAHWMATSL
YRMPALLWVTEWGIWPSSESWHLYYKLRQAYQDQRLLHEAPGHLFLEHEAE
DLASFLQVAMLNGWGGYLLTQADYVNAFFSHDEYIDFFAEREEALADVRTEL

GKSGTAEX

Rhizo_Cluster_442_04 MKKLQKKL LNRETLRNL GHELQGIVGGVIGTCCN ~TETGD CVICNVITHC
NYCTQGACYTDLCX

It was observed that the first two lantipeptides (Rhizo_Cluster_442 02 and Rhizo_Cluster_442_03)
did not contain any cysteine residues, but several serine and threonine residues instead. In contrast,
up to eight cysteine residues were detected in the putative core region at the end of the peptide
sequence. Due to the high variability of the leader sequences, [50] it was not possible to divide the
amino acid sequences into leader and core regions. However, in all sequences were serine,
threonine, or cysteine residues observed in the last third of the sequences.

4.3.3.6  Bacteriocin

Bacteriocin clusters can be divided into two types: ones are characterized by proteins, containing the
DUF692 domain (Domain of unknown function) and those, which encode for specific and already
known bacteriocins, e.g. maritimacin. In all 16 BGCs, coding for a DUF692-domain-containing protein,
several other genes could also not be annotated. Besides the unknown genes surrounding the
DUF692 gene, oxidoreductases and silver efflux pumps are located near the core gene in four BGCs
and could be involved in the biological function, consequently. In Figure 32. three of the 16 BGCs are
represented.
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Legend: A) MAG_Dt_26, Cluster 10, Contig 06, Nt. 91713 — 102567
B) MAG_Dt_26, Cluster 15, Contig 08, Nt. 98709 — 109566
C) MAG_Dt_36, Cluster 30, Contig 106, Nt. 1 — 9968

Figure 32. Three representative BGCs containing the DUF692-core protein. The unannotated (red) and the DUF692-domain
containing (green) proteins were used for the multiple sequence to investigate potential similarities. Further annotated
genes were marked in blue. Genes in yellow or grey were discovered to cluster together after the multiple sequence
alignment. Grey genes could potentially be silver efflux pumps due to the fact that they cluster together with an annotated
silver efflux pump.

Due to the lack of further information about the neighbouring proteins in literature, [55] a multiple
sequence alignment of all undefined genes was performed and displayed in Figure 33 B, including the
corresponding sequence identity in %. The genes were renamed from X1 to X69 as described in Table
7.

From the multiple sequence alignment and the corresponding cladogram (Figure 33 A), the
undefined genes could be divided into three main groups: the highest sequence identity was shared
within the DUF692 containing proteins, which could be expected due to the only member with at
least one already defined domain. Two other groups of genes were defined by the clusters in Figure
33. In the first group of genes (X24-X31), with higher sequence identities, genes were located before
the core gene and were marked in grey in the corresponding gene clusters. The gene X28
(MAG_Dt_10, cluster 6, gene 7) was already annotated as a silver efflux pump. The other three BGCs,
also containing silver efflux pumps, showed the same pattern. The second group of genes (X1-X16)
shared a lower sequence identity and were observed to be located after the DUF692-domain-
containing protein in 14 of 16 cases. Further attempts by comparing these genes to defined
surrounding genes, i.e. oxidoreductase or hydrolase, were unsuccessful. Due to the relatively low
sequence identity, no domains in all genes were observed and could therefore not be further
investigated. The annotated BGCs were displayed as described in Figure 43 to Figure 46.

53



MAG_De_30_Chuster 088
MAG_[x_36_Chmer_10_20

MAG_Ds_23_Cluster_40_4&

Eﬂ.'ixu
MAG DX 41 Ciusser, 0115

A MDD R r® B 10 m N KD R AE R T TS IR A IR M b 3 D e e e 38 18 Do M e e o T s e S o
REL7US BEFMEDM INNOBO NMD WRGTE 0 00 8 0 FMEQ 0 & 0 0 # 0 0 WUSDNNLNE 1% 380 (BENUE WF TMSBNMULE 33N O 0 D19 06 i% A8 19 1300 18 L7 4 &4 5 L0 73 69 40
AF L9 0% BIAS DAY BIEA BYAM NL B U AL Q0T ODE G DM D3 IS ALDUBDD QEDIGA DAY WIS U0 B0 S 4NN 95 1M KN D7 DX TE LG TE T8 1M 47 4 SENEND 1357 DO IEED B B
LEPNMENEDRNY ANONNNANZO A SN OSRAANUE BUM WIUBINED DOR LINEDN P GT AR UNUNUE DUDUE WU P U0IDT N8 0NN LN N W 4SO 10 S DO 10 U0 BN ME XN DINTEAUN I
139 14 208 1081 178 4 340 % B B 18 43171 M5 04 A5 IN LB UBNY B UMAN BN NE 10T A5 ) I8 00 BN LS 40 BN W) LB RTUD 35 15 LD [ 190 O% O A DE W7 NES WTUE LNUE BEN AT A0
B3 Ua BT LT 04 I8 DN AP R DA ARAREN W 000 DD GEAD 8 B M 8 0 010 INIMENEBUS U0 3B I¥ WIWNDNHN 86 ¥ 48 D ALUA 33N 08 U5 70 3B B8 13 1A 7548 04 18 9B L8 18 1R
2 0 156 M D1 S1UE WN R TR M BOUS § BEATDU DIUD NG 030 30 60 ESNEDS AN S5 0§ UM 10 037 ME 00N D0 BN KA UM 86 10N 3 (LS K3 7WEN UNES DI0E N A5 SH T DI DEMT B
ji 1T 717 B3 M NIE DA AN U5 SEUD JSEMNORIRERMD (BA 1 030U 49 09 1000 8E WS 54 1700 N0 90 UL WS 00 RO U6 TELFMM 13 ONE 08 15 M N 3 09 68 1N 18 1N 0B 1% 11D 18
MAG_Dt_35_Cluster_30_7 1 T D5 D8 AN BN B NERMEMEEEMONE 0 0 0 GER DIMMS B f § O § OEEAB AENMDUE B A7 IBLW BUE N NN NDAMM I TN WY MM ENNID AT N IN B NS D N3
MAG_Dt_20_Cluster_13_100 B TMED 0 M EY B8 QURTARMEZNNANU I8 04D (IRUBLE N 9938 00D 147 DR UMD B b 4 I ANARLD D ML IELN 4 U3 G D20 MMM G THNERNIY DIIEUB NS IN 0 DiDMNE B

containing BGCs. (A)

Domain containing proteins

MAG_D4_43 Cluster 03 4 L M8 BY B3 IE B LY 1T 28 A DEUN DADEAY ¥ 4T AT BUEOHNN M AT U007 2NNN NS 48 L9 CAMA DAY U UA L0 B NE NN N IE W UILE 0 N 03 18 T8 74 9 LNAE DININ DIIONE DY DUDBHUELG T
MAIS D¢ 30 _Chuster 40 0 M@ B3 3 0 NS 1L AT AN AERANN 0 010 4ZDUN 1 3 R D B 0 F D4 (8 L1010 US I 18 10 B 48 17 UX 1Y 07 BN 1E 10 RN WS D 7N 7508 M 4050 U7 1ER DR DA 8 U7 I8 W 08 13
MAG_De &1 _Cluster_01_13 I NAEDE NI NN M NEIN AR DS BMBINABBUBUS G5 0 4 B D EETZBUNSUT B L0 38 ITEE U3 S 7% DI 0§ LR D UMD 05 UAND 13 43 M0 NN TN N0 U0 15 T N UB DT SR US
MAG_ D2 25 Clusies 34 8 0 MP EY B3 NE UK U7 49 B8 B3 Ty INAN § 5 ISZNUNBRNMES BT UTEN 14 B N M6 45 0M0 BEEJE 0H 0S8 DVUN 0% 0L W GIONENDD IA M0 U DIE G4 DS 1A LIS EN 006 OF 08 D9 1405 00

RUAN 13 IBAD NOS AT WLE D ) ALTANDI LR ENI0 LI IE B RO IR NUM U8 I IO IMDN U8 ED NS 18 U310 10 74 4 S0 M AN RN M WLA 12 017 4118
i L] NNEDTIZ AT 075 & 0 3 90N 0008 N 69 0 BN 1N 18160 UK B0 R KT W17 I AL 15 8 BN RO A W0 WM U A AN N BT MM 1D AD
WAAG_DN_30_Chusier_40_0 T UEBDNAT BN 7D XN RE N0 AR NS AW ER O BUPITCR 8 0 B § 0 QDN WWSNKAUGEY 4N 0 LUENNT (A SIS U5 DN DD R ME I RIS JH NG S0 08U I8 D5 100 DI ngONUS o
MAAG LA, sty 018 W0 UONLNARNMUE § 3T QM ) D9 IB B USg DNS W MNNIAEY ANAURNBUR O 0 Q0% § DYS P DA EUI® L DIUSMN 095 F DM 0 0 0 0 0 0 @ DiMDNIN

TAG D6 4L Cluster 01 12 [ P BEDUEDNUSSE 0 04F 0638 —.a 2 116 BN 18 47 89 14T B0 T WA NENNEA D B0 W BA 00 DINERINSG NEN MY ESANLNASMG 048 & 074 OTMTNTH 0 0 & 0iMDE N
MAG_De_20_Chuster_10_82 W DISBLUR RADY 94537 (un s 76 ) n volLEE UHET O A WA MM U8 M0NE DIUN D UBAFAR 0 b 0O0 (UBUSEITMSEFENNILILL O 6 O1UB 0 0 0 B0 0 0 0 0 @0 bEmM Q0
MAG_D¢_02_Cluster_OL_18 WP SERUR B0 0 B4 DA @ pait UMOERISANAR AT BMATA AD THEHTE 0 F 0 W8 0 SERENMS D MMEMB 0 L 000 @ 0 0 0 00 €0 0 0 0 0u3 01
PAMGLN.02_Cumier 0850 WL DRN B 8 18 114 EE 4B LE 13 M NN EY 184 B8 1 L DG U5 U6 U0 DM AT MEXA BN 16 IOFUE 008 0 G0NE MELE I3 1778 B MRS (8 SAME DV U5 1 4N A0 40 30 4B 08 LT 75 80 IDED M 1B BN
MAG_Dt_21_Cluster_08 2 WO IS §ATME IURDE IBINE LS D0 D MNT 4 28 DTNAMRESUSNEEY J8T3 W NERLL WUE | NN IS DNIDAN UDS BEL 0 B GUEN U7 B BINERDE DI 3 5 BINENIS
8 10 0 BN 85 (13N 68 13 N 0141 00 508 1606 M 09 170 03 oy plR R M0 1% YA 0D LMMATEM DR 13 7NN TR A BIUE DS 19 GH 51 NE UG A IR UM 1 U710 57 X 1T 0307 ME M U7 U 8 03 KO BN U8 4

05 MILE R DIEUE A8 §BD S 2D LY W BE DTN 4500 - WIBRWAEK 0 § N UEDUN MINZUNNNUBUDUALD DN E U8 IUR B4 G707D3 RO (91837 LM B 11 404 A0

) IEBUS LDEINE 1 @ ¥ DUBME 0 ID § 9N TMA AW BN I7
DININUE QBFMT 030 U BUBHE 0 3D 0 D3 07BN 6N 0O
IDEZ X B 00 § 0 4 B3NS 8 0 JENDN 1Y 1D
DR BMS UNIENE | DEE B W LR I8
PICADN 4 B 0 0N 0 B 0
DIRDS B §1A 03 )WNE B0 B D)0
DUBBEDT | NS WOID B D DA 0 0 ERID NS Y BT DA § 0% I EINDNDE BEN D 2RIN
Z A DU DNUA 07 43 U8 T3 0 14D 16 0N INIMEE U P U330 78 WUD I8 B 3 10u% § 3 10 10 50 N0 N7 0N 16 O MENABAUS B 0 POSAG B LG ENTNEN WA LG LOUE IS DN B R
[ NE 35 BF 19 1615 4% 0 3 12 DD 57 15 A5 AW UB 0N (W IURUBER S U 03 A8UN A28 el uUE G § SNAN MO EEUN 17 LIUE 5N BUE WS BN 4 B0 15 15 48 15 U3 U0 X 05 B0 05 B4 BAIE W DN IE IR
D UEDI ITNY LG SBEDENRNNRANLAND U UDME (UFANDEDR 4 ZIAGES 2 1D N6 SN BN NS RN 12 U3 TR D4 USRI B0 DL 0N D710 A0 BB M 8 BN D& WILN N 08 13 LN S WL ME U7 I B2 WS U1 NE
L 3% 50 N4 85 52 KT AU BN VL0 WA 18 IBDGUS (ZABE THUE B WONED AUE W 44 1% 12 00 1A% BE DN 10 DN ATUDKE DN 5 38 4T 46 LINT I i N I BS M1 RGO 11 % 3% 030

§ UNT AMDE N OIS MBS IBIMNR 0 B GUNEDUYEE DD DDA WAQ 1 NUS WU R
§ 018 )N 137N JBERBUDE CH 0 B QHRESN AR WEDUD NEG AANAD IS UMW D
B OB JNER 1M D IBELE ¥ 0 0 K 0D F DD VO 0H DR L OB
POU PN OF 0N CESEN N L § 0 0 E 0D 0000 ou 0w
1]
]

B 53 BA NS
§10 0 12
D 1) LN BR
bRV E RS

A% P NLD OB THNE I MISLILN

-uﬂnh-ughuhuhnhnksu-!uh!%hliuhnt
UM § 0BAD W SESEN DEN 1L

1 B Am DI D Em B AR D
718 8 24710 10 W3 W5 2S5 81 58 5 01 15 18 16

FEEERREEE

BME DEDASES INEEY B N MTEE 834070 D% gEEIA 0D ¥ 0D ¥AA DAF ATW § GIABARMRDE BN U § I 83 5N 18NS DI NE B¥UF BX 50 RN AE B
G OIBESUR IMB QME | DEVUR OUE QUNEY LI I B0 S T Y A | U3 M BESES BA3 VIR A 0OF K00 0 B IBNDEN 4 0 §IR0W FENIDIE
W BETH (ENIS M PMSRE W ABNUNIE O 00 4 0 0MB WD A 0T 0B UEBERNNETNURME DR DB S JBES (ME LIUDHEDR HE I UE UK N BE I GINE
12 TAENDY AN I IT NN NMMEN NS UIME @ 128 DT 4 BOUN B! DL G UE X UMM N ISRRRATA 0 4 IO UNEN UIER U DUMUBEOEMNE § 0 TMANINNBER 28 0¥ X7 51 BE B0 IXAD KD
BLABTH B DU ERTNLN KN AN DARTER WINLN O 00 §AF OMEES 0 8 0 0 § 0 03DMSTCUENS 03%3 RoME DX U HE UN TS SEBT U0 BEFUE §2 DR BN A IE WO AN 5B BE TS SE UM 08 SR US

W UF BUDUTINEM D ZEUNEDSS U DESME D DR 055 DUNDE GO 4B (338 & 0 00 DDDE DY A0 AT B 53R G B NENANUENIBECNM DS ILIMREN ¥ D D D O WD 2 WD RWI DM
I8 M5 D 48 16 40 108 1050 01 2T 00 ST 1L WML T WS EAAG § S IO I81 0% 1% 1N 47 L0 98 58 1M BN EDEN A B2 BB B 18 1004 4B UB 1M1 130 NP 5 116 W BT W1 5D
AT 3 LT DX 90 68 SANE DN HBU 09 75 % ) URADN LA 4B DR U A3 0 0 IEANDN T DISNAF BEIDN DO UONN id 14123 173 N9 0 13 14 56 08 5 4 WS 0 BN OW 17
D UREN BN NN 63 1510 09 75 EI 1E A3 U8 N JOAEAN U % LNN IS M 0B D TMARUN DN 1DEND0 (ZREERNR N @ somel E BN AN U5 80N LA LE 28 134 8 5 57 18 1% B0 I8 Y ) BT B R WD
6 MEDS IF I DI DIMDSEDNONEN I1 S AN UELN 03 NUAME B LONNOMDG 78 B DAR MERNSTEONKGAE D7 1 GHEN DN I 1 I91/% 80 48 ¥ 3 ER DA DEUAUE 17 KBDABA DT UEERUBNN 18 1D
W10 35 9 00 A BALE B 75 1705 IS F 3000 AR CNET § DONMOES JBE 0 0 BOE D AREN 1WOXNE G3MM D SHEN 10w 56 D 0D U5 60 81 39 I3 N DI AW NS 0K DAETONN N N3 43 BN IR
N NN IR E WA 80 150 18 M0 50 18 1S BN 4 00 10 D385 19 88 2040008 NORSNT NAEENN T U7AT AN 03081 ER 630 B0 0 2 08 13 18 103 0§36 7 B B D D410 5% A WY K 136 MK R UR 0
MAG_[N_0Z_Clustes_0L_19 1612 MIUD BN A 48 08 B4 I BE NS N7 0B WD VS 1N V1N UE D DI NG 08 IGUREEIN2N 2 DUSUBBURNDY 48 NUKE DD MANELY BN DEE L % BN 30 LB 2 U U7 RO WAL ER YOO UK LS LIMN 0108 EN
:sb..u..Bnn.EE v 8 LEDN T AT 13 TE GE LM 46 0 ISLW R AL M U ANLUME 0R DNERE AN § D LDNSSMREVBMDDE O BENUR NI UE BRI 080N s 7B 3 10 M8 AT 0 3 T A3 48 IO B8 U TR R 5%

FARD PN €1 Chumeer, 0010 FLANLNEE 1 ISINER §IC USHAN INNSEEAA DIINED 600 LY LG UEMFUN DL LD LN DA AT SHDNU | 94 08 DEDR IE KB 0N US 50 KN US 2 145 7 4T B R 2 55 DB 18 28 B4 A A0 BT AN 2R 57 08

MAG_De_20_Cluzser_30_3 B 5 BEMESTMCSNMENG T LU0 EC IADELTAUUSES 0 405 OTNIE 0D A 0 0 U1 SR RN WD 1T THZE BP0 59 DU IR B2 B R UR L B D7 U8 5 % 18 5T 13 18 55 B 2 D 18 NE 43 100 WS
w00 M 1 T ER B DS U DX QBENT 0 DS 0 BIE B B 0 B8 om0 gEE Db oA +5 28 ML T B UA { i 212 2% A1 K137 08 110 18 150 S 14 G US
BORIETEIEIE 0 1M TENA RDILLNE O LD 6 0 QN7 004 § 0 6.9 0 0BEAIEEE @ iDL ug oy ew o ponun SR E 1N SN 18 U0 A0 AN M 0T RN AR UA 18
B 15 19 L6303 L8R IS U2 14 1DRFLE U 7ZIN M A8 5E AN NUIDWDNNR 0 DOSANUM GRELAMEAN §UN (HDZWD A5 ENINDA ELNLB LS EN NN B0 AE 28 DAAN 5288 UE 71 75D MATRAD
I LB THDS 1% 08 WY AZ AR M4 INUE W LIEISUN 0 0 0 §1ELN DEAND | GAY DAECEES U7 AN DSNNUWEN D RS SHINE D8 D6 AE N EN B I T

T DN AF IR E 58 7B 00 U3 77 4F i2 Y04 TANB 7 0 0
I &8 UF X L IR 1N 48 08 03 43 80 B8 US 3 10 N6 1M
18 38 BB 35 IN DN OB B G0 ED 78 00 I8 g
B LMDEDS A0 LELS W00 I7LININ LN 27 LB AT
W NTDD DD AN 3 LN LI LS UM AN I NY BN AT M
W 1B 7)MELE [BUY 10 S8 15 B3 BE WK U0 07 WS 08
WA SESRY [ N 08 LGS IO IR DY 51 W00 0y
UL 70 MBI 88 57 18 G U205 T8 17 NA W 1T 0 415 BURUREL B
I A 3B DT AT 58 L4 TE UE LB D! WIS 47 A0 TN WED SBERY BN
IR TE D L4ME AL S IE U UINUMNE WREN O3 §oPIE AR iE DER 1 paW M:m:.-ﬁnz._.uhﬂyuuh:k VUG WE DK UE B3NN 030 B2 106 04 W7
@ ATESHE D MEINE § NNEONDT DSLBUANE NN 0 408 DHNINBS 30 DAGESED UY W¥LD EDUE ) SMNEDD 18NN D7 UT 10 K 10K (16 N5 0 NS BK AR X
o W 7H JBANE N6 A} J 085 WI BT B LD UNTS O DUERUS 1S IGIN I8 MG £ ERIN B UE 00N AN WEE 15 LIDN 0D W 00BN BG 550 WS 01 RN 00 UE 18 F AN
W 70K 4718 ET AN WENYNSBE UK SUINTE OEIM 0 JSSIBUBEGEAAY 0 DAG ANE DEDWIDWER N NG UN N MIDH NN DS BT UN IE 55 BT S B0 4B
M ARE DT IR MR 6 DM UT DSHE ISIE D3G5 W 0 §DNJBMSBIBS U 0 A0 BNG IRTELADNUE SBUGEE U3 WUD 07 MI LD EY 1% 4N B3 08U UE HIAR

¥ 0¥ 71U 90 BTN
W BuT U m
A8 B ELE oW
BanIvEyzm mag o f
4 18 DvE Bl o un

A 0 5L MN 00 1N 4B
40 DUALS WAE

_
.
n
_
ﬁ
_
.
0 03N NAETEANDMUNLE AU INED 34 13 48 15 BN 08 U 106 220 U3 NN KA
i DUEDINE DD BN N 1D GBNEENG 100 ONTH I NG 0150 ES 07 18 D9 0708
0 DUE ANGNEWQ NN NS 18 INREUN U A5G EF 178 14000 UE BN U7 AT B0
]
i
1
1
]
(]
i
0

IO UIUBDNES LN N [ RDUNJE R LA DO 07D NE LVI0 RN ER LMY 1ipa 1
8 I3 DR L LN DR I H¥ D MDUUNDE 3D LE D B IR NN N
NGRS N7 BEKEEN D P MADEES M T D6 W3 16 AR ED B3 18 18 LS 06 1T A1 A
ME BB MEN3MEDEDD § NIAESE 1 BN GBI NG W0 10 WG B4 LE 1Y 5 B8
AY BENIGHUBHIGNE §UNAR LY NS B EH IS RH LR BOEK 0T 50 0

W4 YES 16 08 MDA UE 10 UANE 3O N N0 1 I 180 B9 1 1303 24 NE 1 1)

Similarity based tree, including coloring for the three clusters, observed in (B). The clusters from the heatmap (B) are above

the marked clusters in the dendrogram (A). Overall three clusters could be identified: DUF692
(green), putative silver efflux pumps (grey) and a cluster containing only unannotated proteins (yellow).

Figure 33. Results from the multiple sequence alignment using unnotated peptides from DUF692
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5 Discussion

The shotgun metagenomics sequencing of the rhizobiome from D. traunsteineri resulted in five high
and eight medium quality MAGs, which were characterized by their taxonomy. In addition, the
metabolic potential of the MAGs and the rhizobiome as well as 1230 BGCs from which 420 could be
assigned to MAGs, to produce potential bioactive secondary metabolites were analyzed and
annotated.

The introduction of next-generation sequencing techniques and their application to microbiomes
from different sources resulted in a tremendous increase of microbial diversity. Several studies
examined that the phylogenetic diversity in soil ranges from 10% to 108 different taxa dependent from
hosts, environmental factors (i.e. drought, temperature, pH, etc.) or depth. [109] In many habitats
the most abundant discovered phyla were Acidobacteria, Proteobacteria or Bacteriodetes. [110]
[111] Kaur and Sharma summarized metagenomic studies investigating root associated bacteria from
orchids worldwide and discovered that they are dominated by Proteobacteria, followed by
Actinobacteria. [121] In the present study the two most abundant phyla in high or medium quality
MAGs were Proteobacteria (7) and Acidobacteria (3). In our study we could discover a MAG,
MAG_Dt_02, which was identified as Acidobacterium or Gemmatimonadetes, dependent on the
approach and the reference organisms used. Therefore, it is important to define the taxonomy based
on several approaches to obtain robust results. Additionally, it must be considered that shotgun
metagenomic experiments result in significantly fewer discovered MAGs in contrast to diversity
studies using targeted metagenomic analyses. [113] Together with the general minority of eukaroytic
or archaea specific sequences compared to bacteria, [114] it was only possible to generate bacterial
MAGs. This, in turn, prevents comparison with former studies, mainly focussing on fungal
communities in the rhizosphere of orchids. [122] Furthermore, the investigation of BGCs of the
rhizobiome associated with orchids has been completely overlooked so far, though, it has been
shown that SM impact hosts and its microbiome. [14] Due to the high potential of SM and their
influence on environments and hosts, the authors highly recommend consideration in future studies.

Besides the microbial diversity, numerous shotgun metagenomic experiments discovered the
diversity of BGCs in different habitats. Similar to the microbial diversity, the BGC types also vary
significantly. [115] [116] [117] The most often identified groups are NRPS, PKS, terpenes, bacteriocins
or others, which are not further classified. Although, the abundance is an important value for
description of a microbial community, studies often lack a detailed investigation and annotation of
BGCs, in particular of underrepresented BGC types such as lantipeptides. Despite the higher effort of
BGC mining, it could be worth since lantipeptides cover a novel class of potential antimicrobials with
putative activity against biofilms, which are often not destroyed by other antibiotic compounds. [51]
In the present study, we could identify five lantipeptides with predicted leader and core sequence,
from which one could be regulated by a quorum sensing dependent mechanism, and four putative
lantipeptides, which are located downstream to the corresponding core enzymes on the BGC.
Furthermore, BGCs characterized as bacteriocins must be distinguished since a huge amount of them
is predicted based on the DUF692-domain containing protein by antiSMASH. Due to the still
unknown function of this protein [55] it should be classified in another way to avoid wrong
conclusions regarding the antimicrobial potential. In addition to the current studies to identify the
biological function of the DUF692-domain containing protein, it should be considered that
surrounding genes are not annotated as well and could play a role in their bioactivity. Therefore, it
was tried to identify sequence similarities of the unknown neighbouring genes by a multiple
sequence alignment. Although it was not possible to identify similar core regions in most of the
genes, we were able to estimate the function of six undefined genes as potential silver efflux pumps,
which supports the findings that the core protein is often located near silver efflux pumps. Another
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cluster of genes, sharing a low sequence similarity was identified. These genes were found as the
neighbouring gene (downstream) of the core protein in 13 out of 16 BGCs. The investigation of the
DUF692-domain containing protein and the neighbouring genes is important since it has been shown
that they are potentially involved in the biosynthesis of 3-thiaglutamate, which is known to inhibit
jasmonate and ethylene signalling pathways in plants. [55]

Besides the investigation of predicted BGCs by software tools such as antiSMASH, it is worth to
further examine genomes with focus on PKS or NRPS. Especially enzymes, which are poorly
characterized so far, such as the enediyne PKS core enzyme pksE could probably not be predicted.
[118] Furthermore, it should be considered that genes for biosynthesis of secondary metabolites are
not restricted to BGCs. To overcome this problem, genome wide co-expression analyses could be
used to investigate enzymes which are necessary for biosynthesis. [57]

In addition to the detailed investigation and annotation of BGCs within high quality MAGs, the BGC
prediction for the metagenome should not be omitted since potential BGCs from organisms which
were not reconstructed would be lost. As an example, the only complete type 1 PKS was identified in
MAG_Dt_43 (Figure 28), with a contamination value above 100%.

Besides BGC analysis, the very specific enzyme phosphosulfolactate phosphatase, which is involved in
coenzyme M biosynthesis, [84] was identified in MAG_Dt_01, a high-quality MAG, characterized as
an Actinobacterium. Although no further enzymes for coenzyme M biosynthesis could be identified,
potential proteins, which could substitute their function were found in the MAG, including a lactate-
dehydrogenase and a sulfurylase for sulfate activation. The only enzyme containing a 4Fe-4S cluster,
which is thought to catalyze the final sulfidation and decarboxylation step, [84] within the
investigated contigs, was annotated as peroxiredoxin. This enzyme plays a major role in oxidative
stress response by inhibition of H202. Additionally, it has been investigated that pyruvate (and
derivates potentially also) can be decarboxylated in presence of H202. The combined knowledge
would describe a putative new pathway for coenzyme M biosynthesis as a side product of oxidative
stress response. Although the hypothesis needs to be proven, a concerted reaction of
decarboxylation in presence of H202 followed by a sulfidation by peroxiredoxin could be an
explanation for the difficulty [84] of characterizing a single enzyme to perform the decarboxylation
and sulfidation step.

6 Conclusion

With the present study we could show that high and medium quality MAGs can be obtained from the
rhizosphere of D. traunsteineri based on a shotgun metagenomics approach despite the high
complexity of the rhizobiome. Furthermore, we could use the created MAGs, as well as the unbinned
metagenomic contigs to predict 1230 BGCs using antiSMASH. In combination with functional gene
annotation based on KEGG and PANNZER2 databases, we identified and described BGCs potentially
producing bioactive SM. These are the first BGCs described from the rhizobiome of D. traunsteineri.
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8 Code Availability

Codes, used for plotting in RStudio and data extraction

library(ggplot2)
library(ggtree)
library(pheatmap)

#itHt Completeness vs. Contamination #it#
ggplot(checkm_results_1, aes(x = Completeness, y = Contamination)) +
geom_point(alpha = 2, aes(color = Category)) +
theme_bw() +
ggtitle("Assessment of Metagnome Assembled Genome Quality") +
labs(x = "Completeness [%]", y = "Contamination [%]") +
scale_color_manual(values = c("#4E84C4", "black", "coral3"))

#ittt Completeness vs. Heterogeneity #it#t

ggplot(checkm_results_1, aes(x = Completeness, y = Heterogeneity)) +
geom_point(alpha = 2, aes(color = Category)) +
theme_bw() +
ggtitle("Assessment of Metagnome Assembled Genome Heterogeneity") +
labs(x = "Completeness [%]", y = "Heterogeneity [%]") +
scale_color_manual(values = c("#4E84C4", "black", "coral3"))

#it### Number of Contigs ##H###
ggplot(checkm_results_1, aes(x = reorder(MAG, -number_contigs), y = number_contigs)) +
geom_bar(stat = "identity", aes(color = Category, fill = Category)) +
theme_bw() +
theme(axis.text.x = element_text(angle = 30, hjust = 1)) +
ggtitle("Number of Contigs") +
labs(x = "MAG", y = "No. of Contigs") +
scale_color_manual(values = c("#4E84C4", "black", "coral3")) +
scale_fill_manual(values = c("#4E84C4", "black", "coral3"))

HHH#H NSO Hi###H

ggplot(checkm_results_1, aes(x = reorder(MAG, -n50), y = n50)) +
geom_bar(stat = "identity", aes(color = Category, fill = Category)) +
theme_bw() +
theme(axis.text.x = element_text(angle = 30, hjust = 1)) +
ggtitle("N50") +
labs(x = "MAG", y = "N50") +
scale_color_manual(values = c("#4E84C4", "black", "coral3")) +
scale_fill_manual(values = c("#4E84C4", "black", "coral3"))

HitH# LSO HHH##

ggplot(basic_stats_MAGs, aes(x = reorder(MAG, -L50), y = L50)) +
geom_bar(stat = "identity", aes(color = Category, fill = Category)) +
theme_bw() +
theme(axis.text.x = element_text(angle = 30, hjust = 1)) +
ggtitle("L50") +
labs(x = "MAG", y = "L50") +
scale_color_manual(values = c("#4E84C4", "coral3", "black")) +
scale_fill_manual(values = c("#4E84C4", "coral3", "black"))
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HitH##H GC content #####

ggplot(basic_stats_MAGs, aes(x = reorder(MAG, -GC_Content), y = GC_Content)) +
geom_bar(stat = "identity", aes(color = Category, fill = Category)) +
theme_bw() +
theme(axis.text.x = element_text(angle = 30, hjust = 1)) +
ggtitle("GC Content") +
labs(x = "MAG", y = "GC Content [%]") +
scale_color_manual(values = c("#4E84C4", "coral3", "black")) +
scale_fill_manual(values = c("#4E84C4", "coral3", "black"))

Hit### Average Coverage #Hit###
ggplot(basic_stats_MAGs, aes(x = reorder(MAG, -Average_Coverage), y = Average_Coverage)) +
geom_bar(stat = "identity", aes(color = Category, fill = Category)) +
theme_bw() +
theme(axis.text.x = element_text(angle = 30, hjust = 1)) +
ggtitle("Average Coverage") +
labs(x = "MAG", y = "Average Coverage") +
scale_color_manual(values = c("#4E84C4", "coral3", "black")) +
scale_fill_manual(values = c("#4E84C4", "coral3", "black"))

Hit#HH# unrooted tree #it#t#
ggtree(tree, layout = "daylight", branch.length = 'none') +
geom_tiplab(size = 3) +
geom_hilight(node = 40, fill = "yellow") +
xlim(-20, 20) +
ylim(-20, 20)

#Hit## ANl heatmap ###H#H

Ani_matrix_class_1_2 <- read.delim("~/Desktop/Masterarbeit/ani_files/Ani_matrix_class_1_2.csv", row.names=1)
datal <- as.matrix(Ani_matrix_class_1_2)

fontsize_row = 10 - nrow(data2) / 15

pheatmap(data2, main = "Average Nucleotide Identity Results", cluster_cols = F, cluster_rows = F, fontsize_row =
fontsize_row, border_color = NA)

Hit#t# Piechart for reference genome abundance ####

overview_species_abundance <- read.csv("~/Desktop/Masterarbeit/ani_files/overview_species_abundance.csv",
row.names=1)
wght <- round(overview_species_abundance$SAbundance/sum(overview_species_abundanceSAbundance), digits = 2)
species <- rownames(overview_species_abundance)
ref.species <- as.data.frame(cbind(species, wght))
pie <- plot_ly(ref.species, labels = ~species, values = ~wght, type = 'pie’, textposition = 'outside’, textinfo = 'label+percent')
%>%
layout(title = 'Reference Species Abundance for ANI-Analysis',
xaxis = list(showgrid = FALSE, zeroline = FALSE, showticklabels = FALSE),
yaxis = list(showgrid = FALSE, zeroline = FALSE, showticklabels = FALSE))

#it### Command to extract peptides based on their name #####

#Hit#t# This command is an example for the biofilm specific peptide extraction #######
while read -r line; do awk -v pattern=S$line -v RS=">" 'S0 ~ pattern { printf(">%s", $0); }' final.contigs_amino_acid.fa; done <
./meta_peptides_in_pathways/meta_indices/meta_peptides_in_biofilm.txt > peptides_in_biofilm.txt
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9 Supplementary Material

L50 values and GC content
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Figure 34. L50 values all MAGs, separated by quality. High quality MAGs have lower L50 values, which means that fewer
contigs are needed to cover 50% of the genome.
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Figure 35. GC content in % for all MAGs, separated by quality. Low and medium quality MAGs could be difficult to interpret,
due to the high incompleteness or contamination values.
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Complete overview over the quality assessment of all MAGs.

Table 6.: Overview of completeness, contamination and heterogeneity level for all generated MAGs. Based on certain
thresholds, MAGs were excluded or classified into low-, medium- or high-quality.

MAG COMPLETENESS CONTAMINATION  HETEROGENEITY  CLASSIFICATION
[%] [%] [%]

MAG_Dt_01 80.24 4.58 27.91 High
MAG_Dt_02 94.87 11.76 60.00 High
MAG_Dt_03 65.94 3.99 77.27 Medium
MAG_Dt_04 14.73 0.00 0.00 Low
MAG_Dt_05 40.62 1.85 0.00 Medium
MAG_Dt_06 22.87 0.00 0.00 Low
MAG_Dt_07 0.00 0.00 0.00 Excluded
MAG_Dt_08 22.35 0.00 0.00 Low
MAG_Dt_09 16.67 0.00 0.00 Low
MAG_Dt_10 49.72 4.09 33.33 Medium
MAG_Dt_11 13.32 1.16 60.00 Low
MAG_Dt_12 13.23 0.00 0.00 Low
MAG_Dt_13 5.12 0.31 0.00 Excluded
MAG_Dt_14 21.57 2.20 44.44 Low
MAG_Dt_15 20.14 0.31 0.00 Low
MAG_Dt_16 20.81 1.75 100.00 Low
MAG_Dt_17 29.46 2.63 100.00 Low
MAG_Dt_18 4.71 0.00 0.00 Excluded
MAG_Dt_19 13.01 1.72 100.00 Low
MAG_Dt_20 12.07 1.72 0.00 Low
MAG_Dt_21 8.62 3.16 100.00 Excluded
MAG_Dt_22 13.08 1.63 33.33 Low
MAG_Dt_23 61.01 2.68 50.00 Medium
MAG_Dt_24 16.42 1.84 61.90 Low
MAG_Dt_25 90.35 22.87 91.67 High
MAG_Dt_26 92.03 2.53 50.00 High
MAG_Dt_27 26.65 0.58 0.00 Low
MAG_Dt_28 14.78 0.00 0.00 Low
MAG_Dt_29 25.30 0.00 0.00 Low
MAG_Dt_30 25.79 0.00 0.00 Low
MAG_Dt_31 34.21 13.88 66.67 Medium
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Complete overview over the BGCs of all MAGs.
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Figure 36. Overview of the discovered BGCs, sorted by type and MAG.
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Putative Alkanesulfone Biosynthesis as a reaction to oxidative stress.
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Figure 37. Hypothetical connection between oxidative stress response and alkanesulfon biosynthesis, located within the
4Fe-4S containing peroxidoredoxin.
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Legend: Rhizobiome, Cluster 480, Contig 930456, Nt. 14453 — 66163; Core genes 29 (nt. 34453-48267) and 30 (nt. 48376-64341)
Domain: A = Adenylation, C = Condensation, TE = Thioesterase

Figure 38. NRPS-BGC containing complete modules, but an extra condensation domain in one module. The genes are
divided into core (green), annotated (blue) and unannotated (red) genes.
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Legend: MAG_Dt_02, Cluster 28, Contig 26, Nt. 1 —30065; Core genes 1 (nt. 1-5625) and 2 (nt. 5752-10065)
Domain: A = Adenylation, C = Condensation, KS = Ketosynthase, AT = Acyltransferase, TD = Terminal Reductase

Figure 39. Hybrid NRPS-PKS BGC, containing complete modules. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes.
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Legend: MAG_Dt_02, Cluster 35, Contig 35, Nt. 1 — 51180; Core genes 1 (nt. 1-4005), 2 (nt. 4002-7931), 3 (nt. 7919-15397),
4 (nt. 15394-20700), 5 (nt. 20697-27020) and 6 (nt. 27017-31180)
Domain: A = Adenylation, C = Condensation, KS = Ketosynthase, AT = Acyltransferase, E = Epimerization, KR = Ketoreductase,
DH = Dehydratase, TD = Terminal Reductase

Figure 40. Hybrid NRPS-PKS BGC, containing complete modules. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes.
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Legend: Rhizobiome, Cluster 325, Contig 804797, Nt. 1 — 55840; Core genes 1 (nt. 1-13065), 2 (nt. 13062-17660), 3 (nt. 17663-18799), 4
(nt. 18801-20669), 5 (nt. 20683-25728) and 6 (nt. 25731-35840)
Domain: A = Adenvlation, C = Condensation, KS = Ketosvnthase, AT = Acvltransferase, TE = Thioesterase

Figure 41. Hybrid NRPS-PKS BGC, containing complete modules. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes.
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Legend: MAG_Dt_02, Cluster 43, Contig 48, Nt. 1 —41979; Core genes 1 (nt. 3-10382) and 2 (nt. 10379-21979)
Domain: A = Adenylation, C = Condensation, KS = Ketosynthase, AT = Acyltransferase, KR = Ketoreductase, TE = Thioesterase,

E = Epimerization

Figure 42. Hybrid NRPS-PKS BGC, containing complete modules. The genes are divided into core (green), annotated (blue)

and unannotated (red) genes.
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Annotated Bacteriocin BGCs, defined by the DUF692-domain containing protein.
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Legend: A) MAG_Dt_02, Cluster 01, Contig 01, Nt. 12158 — 23006
B) MAG_Dt_02, Cluster 04, Contig 03, Nt. 61056 — 71976
C) MAG_Dt_25, Cluster 31, Contig 92, Nt. 1 — 6529

Figure 43. BGCs containing the DUF692-protein as core protein. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes. Genes in yellow or grey were discovered to cluster together after the multiple sequence
alignment. Grey genes could potentially be silver efflux pumps due to the fact that they cluster together with an annotated

silver efflux pump.
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Legend: A) MAG_Dt_25, Cluster 32, Contig 99, Nt. 10475 — 21302
B) MAG_Dt_25, Cluster 34, Contig 104, Nt. 747 — 11577
C) MAG_Dt_25, Cluster 40, Contig 143, Nt. 2127 — 13029

Figure 44. BGCs containing the DUF692-protein as core protein. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes. Genes in yellow or grey were discovered to cluster together after the multiple sequence
alignment. Grey genes could potentially be silver efflux pumps due to the fact that they cluster together with an annotated
silver efflux pump.
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Legend: A) MAG_Dt_36, Cluster 36, Contig 167, Nt. 357 — 11316
B) MAG_Dt_36, Cluster 40, Contig 196, Nt. 2739 — 13554
C) MAG_Dt_41, Cluster 01, Contig 29, Nt. 6679 — 17566

Figure 45. BGCs containing the DUF692-protein as core protein. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes. Genes in yellow or grey were discovered to cluster together after the multiple sequence
alignment. Grey genes could potentially be silver efflux pumps due to the fact that they cluster together with an annotated
silver efflux pump.
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Legend: A) MAG_Dt_31, Cluster 08, Contig 129, Nt. 1 — 5016
B) MAG_Dt_31, Cluster 13, Contig 462, Nt. 1 —2133
C) MAG_Dt_10, Cluster 06, Contig 155, Nt. 1 — 5202
D) MAG_Dt_45, Cluster 05, Contig 9571, Nt. 1 — 2489

Figure 46. BGCs containing the DUF692-protein as core protein. The genes are divided into core (green), annotated (blue)
and unannotated (red) genes. Genes in yellow or grey were discovered to cluster together after the multiple sequence
alignment. Grey genes could potentially be silver efflux pumps due to the fact that they cluster together with an annotated
silver efflux pump.
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Table 7.: Overview of the renamed genes for the multiple sequence alignment and clustering of the according to the
similarity scores.

NUMBER GENE IN BGC ANNOTATION CLUSTER LOCATION
(HEATMAP) (NT.)
X1 MAG_Dt_10_Cluster_06_8 - Cluster_3 4794-5201
X2 MAG_Dt_26_Cluster_10_80 - Cluster_3 95992-96729
X3 MAG_Dt_25_Cluster_40_4 - Cluster_3 6295-7143
X4 MAG_Dt_36_Cluster_30_7 - Cluster_3 4952-5737
X5 MAG_Dt_41_Cluster_01_15 - Cluster_3 12950-13540
X6 MAG_Dt_31_Cluster_13_3 - Cluster_3 1236-2132
X7 MAG_Dt_10_Cluster_06_5 - Cluster_3 2363-3250
X8 MAG_Dt_25_Cluster_31_1 - Cluster_3 1-684
X9 MAG_Dt_36_Cluster_36_7 - Cluster_3 6313-7125
X10 MAG_Dt_26_Cluster_15_100 - Cluster_3 104566-105342
X11 MAG_Dt_45 Cluster_05_4 - Cluster_3 1834-2487
X12 MAG_Dt_36_Cluster_40_6 - Cluster_3 6843-7742
X13 MAG_Dt_41_Cluster_01_13 - Cluster_3 10795-11682
X14 MAG_Dt_25 Cluster 34 8 - Cluster_3 6574-7503
X15 MAG_Dt_25 Cluster_32 12 - Cluster_3 14630-15478
X16 MAG_Dt_31 Cluster 08 6 - Cluster_3 4650-5015
X17 MAG_Dt_36_Cluster_40_5 - - 6435-6797
X18 MAG_Dt_41_Cluster_01_8 - - 6878-7720
X19 MAG_Dt_41_Cluster_01_12 - - 10331-10732
X20 MAG_Dt_26_Cluster_10_82 - - 97592-97867
X21 MAG_Dt_02_Cluster_01_18 - - 19751-20761
X22 MAG_Dt_02_Cluster_04_65 - - 67554-68015
X23 MAG_Dt_31_Cluster_08_2 - - 709-2904
X24 MAG_Dt_02_Cluster_01_16 - Cluster_2 17978-18919
X25 MAG_Dt_25_Cluster_40_6 - Cluster_2 7127-8029
X26 MAG_Dt_36_Cluster_30_4 - Cluster_2 3544-3900
X27 MAG_Dt_26_Cluster_15_98 - Cluster_2 103425-103682
X28 MAG_Dt_10_Cluster_06_7 Silver Efflux Pump Cluster_2 4228-4518
X29 MAG_Dt_25_Cluster_34_6 - Cluster_2 5378-5674
X30 MAG_Dt_25_Cluster_31_3 - Cluster_2 1531-1806
X31 MAG_Dt_36_Cluster_36_5 - - 4829-5146
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X32 | MAG_Dt_26 Cluster_15_96 - - 101983-102441

X33 | MAG_Dt_26 _Cluster_15_97 - - 102455-103033
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X34
X35
X36
X37
X38
X39
Xa0
Xa1
Xa2
Xa3
X44
X45
X46
Xa7
X48
X49
X50
X51
X52
X53
X54
X55
X56
X57
X58
X59
X60
X61
X62
X63
X64
X65
X66
X67
X68
X69

MAG_Dt_25 Cluster_40 8
MAG_Dt_36_Cluster_30 2
MAG_Dt_25 Cluster_32_11
MAG_Dt_25 Cluster 40 9
MAG_Dt_41_Cluster_01_9
MAG_Dt 31 Cluster 08 3
MAG_Dt_02_Cluster_04_64
MAG_Dt_02_Cluster_01_14
MAG_Dt_02_Cluster_01_13
MAG_Dt_25 Cluster_40_7
MAG_Dt_36_Cluster_30_3
MAG_Dt_41 Cluster_01_16
MAG_Dt_41 Cluster 01 _11
MAG_Dt_25 Cluster 34 9
MAG_Dt_25 Cluster_34 10
MAG_Dt_02_Cluster_01_19
MAG_Dt_02_Cluster_01_17
MAG_Dt_41 Cluster_01_10
MAG_Dt_36_Cluster 30 5
MAG_Dt_02_Cluster_04_62
MAG_Dt_02_Cluster_04_63
MAG_Dt_02_Cluster_01_15
MAG_Dt_25_Cluster_40_5
MAG_Dt_36_Cluster_30_6
MAG_Dt_26_Cluster_10_81
MAG_Dt_36_Cluster_40_7
MAG_Dt_41_Cluster_01_14
MAG_Dt_25_ Cluster_32_13
MAG_Dt_31 Cluster_08 5
MAG_Dt 31 Cluster 13 1
MAG_Dt_26_Cluster_15 99
MAG_Dt_45 Cluster 05 3
MAG_Dt_ 25 Cluster 31 2
MAG_Dt 36 _Cluster 36 _6
MAG_Dt_25 Cluster 34 7
MAG_Dt_10 Cluster 06_6

DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein
DUF692-Protein

Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1
Cluster_1

Cluster_1

9369-10718
1094-2599
13587-14213
10697-11083
7859-8215
2901-3362
66973-67575
16689-17171
13149-14873
8596-9372
2596-3393
13705-14727
9507-10334
7605-9659
9668-11497
20778-21731
18916-19647
8512-9582
3907-4110
65812-66012
66056-66976
17158-18006
7127-8029
4123-4968
96713-97567
4952-5737
11679-12566
15475-16302
3794-4660
2-844
103709-104566
989-1834
681-1529
7739-8554
5747-6577
3274-4140
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